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1. Introduction (in French)  
 
La bio-préservation des matières premières comestibles et périssables à travers le 
processus de fermentation représente la première application biotechnologique et l'une des 
premières formes de traitement alimentaire dans l'histoire humaine. La saveur demeure un des 
facteurs qui caractérise principalement le degré de la typicité des produits fermentés et influence 
l'acceptabilité des consommateurs. Un grand nombre de composés organiques volatils (COV) 
responsables de la perception de la saveur (et du mauvais goût des aliments) sont d'origine 
microbienne. Par conséquent, les composés organiques volatils microbiens, influençant la 
qualité des aliments, affectent les préférences des consommateurs concernant les aliments 
fermentés, le pain dans notre cas. Le grand nombre de variables géographiques, 
microbiologiques et technologiques souligne l’ample nécessité de développer des technologies 
bien adaptées en vue d’améliorer l'acceptation de ces aliments fermentés traditionnels par les 
consommateurs. 
Les technologies de Spectroscopie de Masse par Injection Directe (SMID), associant la 
résolution temporelle avec la grande sensibilité et la robustesse, offrent des aperçus intéressants 
dans le domaine. La Réaction de Transfert Protonique, combinée à un Spectromètre de Masse 
à temps de vol (PTR-ToF-MS) est une approche analytique basée sur l'ionisation chimique et 
qui appartient aux technologies SMID. Ces techniques ont consenti la détermination rapide des 
Composés Organiques Volatils dans les échantillons, assurant une haute sensibilité et précision. 
En général, PTR-MS ne nécessite pas de préparation de l'échantillon ni la destruction de 
l’échantillon, ce qui permet l’analyse des échantillons d’une façon non invasive et en temps 
réel. Les Caractéristiques de la PTR-MS sont exploitées dans de nombreux domaines, de la 
chimie de l'environnement, à la chimie atmosphérique, aux sciences médicales et biologiques.  
Dans les dernières années, PTR-ToF-MS a été également appliquée en sciences et 
technologies des aliments, englobant des études telles que la comparaison des COV dans 
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l'espace libre par rapport à l’espace nasal, la simulation des conditions in vivo (par exemple la 
simulation de la bouche humaine), la réalisation des empreintes complètes des COV comme 
une méthodologie de profilage, l’étude des COV associés aux différents producteurs, l’analyse 
de l’impact des différents procédés technologiques sur la teneur en COV, ainsi que le suivi en 
ligne des COV libérés lors de la fermentation des aliments. 
Dans cette thèse, les améliorations les plus récentes que nous avons introduites sur cette 
technique, pour la première fois, sont discutées et validées. En fait, après avoir testé la méthode 
des Ions Réactifs Commutables pour étudier une molécule simple d'éthylène, nous avons 
développé une méthodologie analytique fondée sur le couplage de PTR-ToF-MS avec un 
échantillonneur automatique et suivie d’outils avancés d'analyse de données, afin d'augmenter 
le degré de l'automatisation et, par conséquent, d'accroître le potentiel de cette technique. Cette 
approche a permis l’analyse de séries d'échantillons plus vastes et plus complexes (par exemple 
la fermentation de la pâte), pour étudier plusieurs modes expérimentaux (par exemple différents 
types de farine, différentes levures, différentes heures d'incubation), afin de surveiller le 
bioprocédé de panification en termes de la teneur en COV. Dans ce projet, les résultats de notre 
approche sur le modèle simple choisi (c.à.d. l’éthylène) sont présentés. Ensuite, cette 
méthodologie est appliquée sur une matrice complexe qui n'a jamais été étudiée avant avec cette 
technique: la pâte, le levain et le pain cuit (recette traditionnelle adaptée du Sud de l’Italie). Par 
conséquent, nous révélons: i) la détection des COV libérés pendant la fermentation alcoolique 
de la pâte (étude en ligne du bioprocédé de panification), ii) l'étude de l'interaction entre les 
différents ingrédients, iii) l’élution des COV résultants de la cuisson, iv) ainsi que le profil 
volatile d'un modèle de levain basé sur la réalisation des volatomes complets de Saccharomyces 
cerevisiae et Lactobacillus sanfranciscensis. 
L'objectif général de ce projet est de concevoir des approches "sur mesure" pour 
comprendre profondément le bioprocédé étudié, améliorer la préservation de l'authenticité et la 
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gestion de l'innovation dans le domaine des aliments fermentés traditionnels, un secteur 
fascinant de l'industrie alimentaire pertinente pour l'économie et pour la nutrition humaine. En 
outre, les techniques SMID, et en particulier la PTR-MS, offertes comme des outils rapides et 
à haut débit pour l'analyse des aliments, représentent une occasion pour la formulation de 
nouvelles hypothèses en science alimentaire et nutrition, en particulier à la lumière de 
l’attention qui a été récemment attribuée aux aliments fermentés comme de précieux modèles 
d'écosystèmes microbiens.  
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1. Introduction (in English)  
 
The bio-preservation of perishable edible raw materials through fermentations represents 
the first biotechnological application and one of the first forms of food processing in human 
history. Flavor is one of the factors which mainly characterizes the degree of typicality of 
fermented products and influences consumers’ acceptability. Many Volatile Organic 
Compounds (VOCs) responsible for flavor (and off-flavor) perception are of microbial origin. 
Hence, microbial Volatile Organic Compounds (mVOCs), influencing the quality of food, 
affect consumer preference on fermented food, bread in our case. The huge number of 
geographical, compositional, microbiological and technological variables highlights the 
important need for tailored technologies to improve consumer acceptance of these traditional 
fermented foods.  
Direct-Injection Mass Spectrometric (DIMS) technologies, associating time resolution 
with high sensitivity and robustness, offer interesting insights in the field. Proton-Transfer-
Reaction (PTR), combined to a Time-of-Flight (ToF) Mass Spectrometer (MS) is an analytical 
approach based on chemical ionization which belongs to the DIMS technologies. These 
techniques consented the rapid determination of VOCs in samples, assuring high sensitivity and 
accuracy. In general, PTR-MS doesn’t require neither sample preparation nor sample 
destruction, which allows real time and non-invasive analysis. PTR-MS features are exploited 
in many fields, from environmental and atmospheric chemistry to medical and biological 
sciences. In the last years, PTR-ToF-MS has been also applied in food science and technology, 
encompassing studies such as comparison of headspace versus nose-space VOC analysis, 
simulated in vivo conditions (e.g. simulating human mouth), VOC fingerprinting as a profiling 
methodology, VOCs associated with different producers, impact of different technological 
processes on VOC content, as well as the on-line monitoring of VOCs released during food 
processing.  
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In this thesis, the recent upgrades we introduced on this technique, for the first time, are 
discussed and validated. In fact, in addition to the Switchable-Reagent-Ion tested to study a 
simple Ethylene molecule, we developed an analytical methodology based on the coupling of 
PTR-ToF-MS with an autosampler and tailored data analysis tools, in order to increase the 
degree of automation and, consequently, to enhance the potential of this technique. This 
approach, permitted the screening of larger and more complex sample sets (i.e. fermenting 
dough), to analyze several experimental modes (e.g. different flour types, different yeast 
starters, different incubation hours), in order to monitor the bread-making bioprocess in terms 
of VOC content. In this work, the results of our approach on the simple chosen model are 
reported. Afterwards, this methodology is applied on a complex matrix which has never been 
studied before using this technique: dough, sourdough and baked bread (a traditional recipe 
adapted from Southern Italy). Hence, we report: i) the detection of VOCs released during 
alcoholic fermentation of the dough (on-line bioprocess monitoring), ii) the study of the 
interaction between different ingredients, iii) the monitoring of VOCs arising upon baking, iv) 
as well as the volatile profile of a sourdough model based on the realization of the complete 
volatomes of Saccharomyces cerevisiae and Lactobacillus sanfranciscensis. 
The general aim of this project is to conceive ‘tailored’ approaches to improve 
authenticity preservation and innovation management in the field of traditional fermented 
foods, a fascinating sector of the food industry relevant for the economy and for human 
nutrition. In addition, DIMS techniques, and especially PTR-MS, if considered high-throughput 
and rapid applications in ‘foodomics’ analysis, represent an intriguingly opportunity for the 
formulation of new hypotheses in food science and nutrition, particularly in the light of the 
recent attention attributed to fermented foods as valuable models of microbial ecosystems. 
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2. Bibliography  
 
2.1 Volatile Organic Compounds 
2.1.1 Definition and origins  
The World Health Organization (WHO), as cited in ISO 16000-6, defined as a Volatile 
Organic Compound (VOC) any organic compound whose boiling point is in the range from (50 
°C to 100 °C) to (240 °C to 260 °C), corresponding to having saturation vapor pressures at 25 
°C greater than 100 kPa ("ISO 16000-6:2011 - Indoor air -- Part 6: Determination of volatile 
organic compounds in indoor and test chamber air by active sampling on Tenax TA sorbent, 
thermal desorption and gas chromatography using MS or MS-FID,"). 
Other definitions of VOCs are influenced by the concerned field of study. For instance, 
in 1993, H.W. Art defined VOCs as “hydrocarbon compounds that have low boiling points, 
usually less than 100ºC, and therefore evaporate readily. Some are gases at room temperature. 
Propane, benzene, and other components of gasoline are all volatile organic compounds” (Art, 
1993). In their turn, Lincoln et al. stated that “Volatile Organic Compounds are released into 
the atmosphere by anthropogenic and natural emissions which are important because of their 
involvement in photochemical pollution” (Lincoln, Boxshall, & Clark, 1998). Later, in 2006, 
Zogorski et al. defined them as “ground-water contaminants of concern because of very large 
environmental releases, human toxicity, and a tendency for some compounds to persist in and 
migrate with ground-water to drinking-water supply well … In general, VOCs have high vapor 
pressures, low-to-medium water solubilities, and low molecular weights. Some VOCs may 
occur naturally in the environment, other compounds occur only as a result of manmade 
activities, and some compounds have both origins” (Zogorski et al., 2006).  
Finally, the U.S Geological Survey defined VOCs as “organic compounds that can be 
isolated from the water phase of a sample by purging the water sample with inert gas, such as 
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helium, and, subsequently, analyzed by gas chromatography. Many VOCs are human-made 
chemicals that are used and produced in the manufacture of paints, adhesives, petroleum 
products, pharmaceuticals, and refrigerants. They often are compounds of fuels, solvents, 
hydraulic fluids, paint thinners, and dry-cleaning agents commonly used in urban settings. VOC 
contamination of drinking water supplies is a human-health concern because many are toxic 
and are known or suspected human carcinogens” (Survey). 
From these various yet close definitions, one can infer that VOCs are organic 
hydrocarbons with high vapor pressure and low boiling point, which causes large numbers of 
molecules to evaporate or sublimate from the liquid or solid form of the compound and enter 
the surrounding air. In addition, the origin of VOCs can be either biogenic (produced naturally 
by living organisms) or anthropogenic (produced directly by human activities); hence, many 
hundreds of these compounds are present in the atmosphere and spaces surrounding any process 
namely headspace, nose-space, etc. 
In more details, and without considering microbes, natural biogenic sources include the 
emission of organic gases by living species, both plants and animals (summarized in Figure 1). 
A well-known example, discussed in a review by Blake et al., is the emission of a variety of 
gaseous organic compounds in the breath of animals, which are released from both the digestive 
system and the lungs. Plants are also major sources of organic gases, as is the decay of dead 
animal and plant matter. Subsequent photochemistry can add further compounds to the mixture. 
Consequently, even without contributions from humans, ambient air from the Earth’s 
atmosphere would consist of a complex mixture of VOCs. On the other hand, anthropogenic 
sources of VOCs include emissions from the extraction and reﬁning of fossil fuels, the 
incomplete burning of fossil fuels by motorized transport and by heat and electrical power 
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generators, the evaporation of solvents employed in industrial and domestic operations, and the 
leakage of gases from landﬁll sites (Blake et al., 2009). 
 
By far, the most common organic compound found in the Earth’s atmosphere is methane 
(CH4), but even this compound is only present at an average level of around 2 parts per million 
by volume (2 ppmV). After methane, the most abundant VOCs include ethane, propane, 
isoprene, acetone, and methanol, but typical mixing ratios for these compounds are in the region 
of a few parts per billion by volume (ppbV) (Blake et al., 2009). 
 
2.1.2 Applications and Importance of VOCs 
Whether released from biological or technological processes, and even at very low 
concentrations, VOCs are ubiquitous and deemed important in several fields including 
Sources of VOCs
Biogenic
Plants
Photochemistry
Decay of plants
Animals
Breath of 
animals
Decay of dead 
animals
Anthropogenic
Human activities
Extraction, 
refining & burning  
of Fossil fuels
evaporation of 
solvents
leakage of gases
Figure 1. A summary of the origins of VOCs with some given examples 
(Blake, Monks, & Ellis, 2009) 
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environmental and atmospheric chemistry, plant biology and medical sciences (Cappellin et al., 
2013).  
They also play a most relevant role in agro-industrial processes, and food science and 
technology. The principal reason is that they are at the origin of both the aroma and ﬂavor of 
food and hence control human sensory perception of food (Biasioli, Gasperi, Yeretzian, & 
Märk, 2011). Thus, amelioration in food quality must also consider its complex ﬂavor proﬁle, 
the origin of this proﬁle, its evolution in time and the interaction with people (Klee, 2010). A 
second reason for the relevance of VOCs in food science is that they are produced and released 
in most stages of the food-production chain ‘‘from farm to fork’’ (i.e. from plants and crops, 
during fruit ripening and maturation, in food processing and storage and, eventually, during 
food consumption). They also create an interesting link to atmospheric studies because, in 
several regions, Biogenic VOC (BVOC) emissions are, at least for certain species, dominated 
by emissions from crops (M. Karl, Guenther, Köble, Leip, & Seufert, 2009). Direct BOVC 
monitoring is therefore an important non-invasive tool for product characterization and process 
monitoring in agro-industrial applications. Given this, it does not come as a surprise that there 
is a huge literature on VOCs in food, mostly of biogenic origin. A general reference for 
technical aspects, not limited to foods, mentioned in a recent review (Biasioli, Gasperi, et al., 
2011), is the book edited by Berger which also includes interesting chapters on biogenic 
precursors of ﬂavor compounds and bioprocessing (Berger, 2007). Two additional references 
in this context are a recently edited book by Taylor and Linforth (A. Taylor, 2010), and the 
review of Ross on studies related to sensory analysis and instrumental characterization of food 
(C. F. Ross, 2009). It is therefore clear that the success of future research in this ﬁeld will also 
depend on the available methods to identify, to quantify and to monitor the olfactory stimuli 
(i.e. VOCs) (Biasioli, Gasperi, et al., 2011). 
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In more general terms, according to Cappellin et al., an efficient monitoring of VOCs 
needs analytical techniques that are capable of dealing with challenging issues:  
1. the need to separate and quantify VOCs in complex gas mixtures; 
2. the need to detect a wide range of concentrations, from trace levels to parts per 
million or more;  
3. the need to track concentrations that rapidly change in time.  
Because of these experimental constraints, the ideal methodology for VOC monitoring should 
be highly selective, with high sensitivity and dynamic range, and high time resolution. 
“Fulfilling all requirements is still a challenge” (Cappellin et al., 2013). 
 
2.2 Detection techniques  
Numerous analytical and sensory techniques have been developed to study VOCs. These 
techniques include liquid/liquid extraction (Weurman, 1969), simultaneous steam distillation 
and liquid extraction (Nickerson & Likens, 1966), static (Chialva, Gabri, Liddle, & Ulian, 1982) 
and dynamic headspace analysis (Werkhoff & Bretschneider, 1987), capillary gas 
chromatography with mass spectrometry (GC-MS) coupled with olfactometric detection 
(Grimm, Lloyd, Miller, & Spanier, 1997; Marsili, 1999a), solid-phase micro-extraction 
followed by GC-MS (Arthur & Pawliszyn, 1990). VOCs can also be detected using Direct-
Injection Mass Spectrometric (DIMS) techniques. These represent a class of analytical 
instrumental approaches which offers considerable mass and time resolution with high 
sensitivity and robustness, allowing the quick detection and quantification of (VOCs) (Biasioli, 
Yeretzian, Märk, Dewulf, & Van Langenhove, 2011). To this category belong, among others, 
Atmospheric-Pressure Chemical Ionization Mass Spectrometry (APCI-MS), MS-electronic-
nose detection (Marsili, 1999b; Zohora, Khan, Srivastava, & Hundewale, 2013), Atmospheric 
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Pressure Chemical Ionization-MS (APCI-MS) (Berchtold, Bosilkovska, Daali, Walder, & 
Zenobi, 2014), as well as Ion Mobility Spectrometry, the Flowing Afterglow technique, 
Secondary Electrospray Ionization Mass Spectrometry (SESI-MS), and Selected Ion-Flow-
Tube Mass Spectrometry (SIFT-MS) (Ellis & Mayhew, 2013).  
Many reviews discussed the advantages and limitations of these techniques; For instance,  
MS-e-noses, by simulating the behavior of human olfaction, provide a digital fingerprint of the 
analyzed product, with good prospect for the large sample sets screening (Ballabio, Cosio, 
Mannino, & Todeschini, 2006; Biasioli, Yeretzian, et al., 2011), but with possible 
disadvantages such as high sensitivity to moisture, poor linearity, and poor reproducibility. 
APCI, performing ionization at atmospheric pressure, lessens any loss of volatiles addressable 
to an inefficient transport of neutral molecules into the vacuum, considered to be robust, 
sensitive, and reproducible in flavor-release applications (Berchtold et al., 2014; Biasioli, 
Yeretzian, et al., 2011). However, APCI ionization is quite complex due to the presence of 
many possible ionization agents (Ellis & Mayhew, 2013). 
Among all these techniques, there is no doubt that GC-MS remains the most established 
for identification and quantification of VOCs (Biasioli, Gasperi, et al., 2011; Cappellin et al., 
2013). GC-MS systems have high precision and, if coupled with pretreatment and pre-
concentration stages, they can reach detection limits as low as 0.1 pptv. GC-MS is, therefore, 
the ‘gold standard’ for trace gas analysis (Ellis & Mayhew, 2013); nevertheless, even this 
technique, as discussed in the next section, suffers from a relatively low time resolution and 
risk of artefacts (Cappellin et al., 2013).  
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2.2.1 Gas Chromatography and its Limitations 
2.2.1.1 Basic GC Principles 
The basic principle behind GC is that the constituents of a ﬂowing gas mixture (the mobile 
phase) can be separated by passage over a suitable liquid or solid (the stationary phase). 
Partitioning between the mobile and stationary phases can lead to different retention times for 
different compounds due to differences in the way each compound in the gas interacts with the 
stationary phase. This difference in retention times characterizes GC detection (Pecsok, 1959). 
As illustrated in Figure 2, the sample is injected into the injection point and is carried by 
the mobile gas into the column. Inside the column, the components get separated by differential 
partition in between the mobile phase gas and stationary phase liquid. The component that 
partitioned into gas comes out of the column first and is detected by detector. The one 
partitioned into liquid phase comes out later and is also detected. The recordings are displayed 
as a plot onto a computer software. Such a plot is known as a gas chromatogram. From the 
peaks on the chromatogram one can identify the components and also their concentration.  
 
Figure 2. Schematic diagram of a GC instrument with a ﬂame ionization detector (FID). An analyte gas is 
injected into a ﬂow of inert carrier gas at the injector. The gradual separation of compounds in the 
column leads to elution of distinct compounds at different (retention) times, as measured by the FID, 
leading to a chromatogram such as that shown in the upper right of the diagram. (Ellis & Mayhew, 2013) 
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2.2.1.2 Types of GC Detectors 
There are several types of detectors which can be coupled to a gas chromatograph. One 
example is the ﬂame ionization detector (FID) which works best for compounds such as 
hydrocarbons and is therefore not a universal detector. Other types of well-known GC detectors 
include the electron capture detector (ECD) and the thermal conductivity detector (TCD), and 
as with FID these alternatives also have their strengths and weaknesses (Karasek & Clement, 
2012). 
Another limitation is compound identification, since there is always the possibility, 
particularly with complex mixtures, that two or more compounds may have very similar 
retention times and therefore cannot be distinguished in this way. To get around these 
limitations, the FID, ECD or TCD can be replaced with a mass spectrometer (MS) equipped 
with an electron impact ionization source. In most cases, the mass spectrometer is of the 
quadrupole variety.  
The instrument works by recording a whole series of mass spectra, one after the other, as 
the analyte elutes through the column. In this way, important analytical information is obtained 
from both the retention time and the mass spectrum. The mass spectrum recorded for a 
particular GC peak can be compared with those stored in a library on the control computer, 
which usually allows compound identiﬁcation. GC–MS is an extremely valuable analytical tool, 
but it suffers from a lower detection sensitivity than GC-FID because of the scanning time of 
the mass spectrometer, and so for air analysis it is often used more for compound identiﬁcation 
than for quantiﬁcation (Ellis & Mayhew, 2013). 
From the description above, some of the limitations with GC and its variants become 
clear. It is not a universal technique, since the choice of trap and column will affect the 
sensitivity and accuracy towards certain classes of compounds. Another particularly serious 
matter in GC analysis is the speed of measurement which, because of the need for sample 
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collection and also some degree of pre-concentration, is often limited to a single measurement 
every few minutes, at best. Consequently, if rapidly evolving gas systems are being explored, 
GC is still a time-consuming procedure (López-Feria, Cárdenas, & Valcárcel, 2008).  
In conclusion, from a technical point of view, GC is the reference method for the analysis 
of VOCs. But there is also a growing need to develop rapid, simpler methods to overcome its 
main limitations. In fact, there is genuine interest in the development of methods for rapid, non-
invasive and very sensitive monitoring of volatile compounds emitted (Biasioli, Gasperi, et al., 
2011). Among the various possibilities proposed and investigated for rapid identiﬁcation and 
quantiﬁcation of VOCs is Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) which is 
considered to allow rapid, direct and highly sensitive on-line monitoring of VOCs (Biasioli, 
Gasperi, et al., 2011; Buhr, van Ruth, & Delahunty, 2002; Cappellin et al., 2013; Jordan, 
Haidacher, Hanel, Hartungen, Märk, et al., 2009; W. Lindinger, Hansel, & Jordan, 1998). 
 
2.2.2 Proton-Transfer-Reaction Mass Spectrometry (PTR-MS) 
 Before going deeper into the history, principles and upgrades of this technique, it is 
important to summarize the basics of mass spectrometry in general, as well as the most common 
ionization techniques currently applied.  
 
2.2.2.1 Basic principles of Mass Spectrometry 
2.2.2.1.1 Main components of a mass spectrometer 
The main components of a mass spectrometer are (Figure 3) (Agarwal, 2012): 
(1) The ion source: produces ions from the studied samples.  
(2) The mass analyzer: separates ions according to their mass-to-charge ratio.  
(3) The ion detector: detects the ions, providing the relative abundance of each of the 
resolved ionic species.  
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The number and the relative abundance of the produced ions is mainly related to the 
ionization technique, which therefore plays a key role in determining which types of samples 
may be analyzed with a specific mass spectrometer.  
 
2.2.2.1.2 Ionization Techniques 
The most commonly used ionization techniques are electron ionization and chemical 
ionization:  
(1) Electron ionization (EI) is produced by the impact of an energetic electron carrying 
usually 70 eV of kinetic energy with a neutral. If the energy transferred in the collision 
reaction exceeds the ionization energy (IE) of the neutral, then ionization occurs, 
generating a positive ion, which can be singly, doubly or even triply charged. Since high 
energy is usually involved in this process, fragmentation of the produced ions often 
occurs, thus making this a “hard” ionization technique (Harrison, 1992).  
(2) Chemical ionization (CI) is used to produce ionized species by interaction of gaseous 
molecules with ions. The reaction may involve the transfer of an electron, proton or 
Figure 3. Schematic representation of the basic components of a mass spectrometer 
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Mass 
Analyzer
Ion 
Detector
Data 
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Vacuum 
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Sample Introduction Data Output 
21 
 
other charged species between the reactants. Less energy is involved in this process, 
resulting in a lower fragmentation of the produced ions. This technique is considered as 
a “soft” ionization process (Harrison, 1992). A technique which produces less fragment 
ions is often preferred because of the possibility of obtaining mass spectra with a higher 
ion yield of the charged parent molecule. This leads both to an easier interpretation of 
the mass spectra, especially in case of mixtures, and an easier quantification of the 
analyte molecules (Lanza et al., 2015).   
 
This brings us to the detection technique defended in this thesis as an optimal combination 
between many desired features: Proton-Transfer-Reaction Mass Spectrometry (PTR-MS). In 
fact, PTR-MS focuses on sensitivity and, thanks to the recent implementation of high-resolution 
mass analyzers, on chemical information. The further coupling with automated sampling 
systems and tailored data analysis tools constitutes a complete set-up which is suitable both for 
the identification of very small quantities of VOCs and real-time monitoring of VOCs without 
sample preparation (Makhoul, Romano, Cappellin, Spano, Capozzi, Benozzi, Märk, Aprea, 
Gasperi, & El‐Nakat, 2014; Romano, Capozzi, Spano, & Biasioli, 2015b; Romano et al., 2014; 
Yener et al., 2014).  
 
2.2.2.2 Historical Developments of PTR-MS 
The development of the proton transfer technology started with first studies on the 
reaction kinetics in the gas phase. In the 1960s, Ferguson et al. developed the Flowing 
Afterglow (FA) technique (Ferguson, 1992). This technique represented a first effective tool 
for the study of reaction kinetics under varying conditions (e.g. temperature) and reaction 
partners (Bohme, Dunkin, Fehsenfeld, & Ferguson, 1969). Reactant ions are produced by an 
ion source and are then carried and thermalized to room temperature through a Pyrex, quartz, 
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or stainless steel flow tube by a buffer gas (typically helium). The sample is introduced at some 
point into the flow tube and allowed to react with the reagent ions. The resulting swarm of ions 
is carried to the end of the flow tube by the buffer gas (Watson, 2009). 
Together with these positive aspects, which enabled tremendous progress in the 
understanding of ion-molecule reaction kinetics, some negative ones had to be taken into 
account. The technique was, indeed, not thought for and not suitable for gas analysis, because 
of a too long residence time of the gas in the drift tube. The consequence of the latter has been 
the desorption of impurities from the walls and, therefore, a high background signal (Werner 
Lindinger, Fall, & Karl, 2001). However, even in the case of a low background signal, the lack 
of an ion selection system prior to the reactor made the interpretation or the resulting mass 
spectra particularly difficult, especially in the case of complex molecules, where numerous 
secondary ions could be produced (Blake et al., 2009; Bohme et al., 1969).  
The successive step was the development of the so-called Selected Ion Flow Tube (SIFT) 
mass spectrometry (Adams & Smith, 1976). Similar to the FA, ions were produced by an 
electrical discharge, but a quadrupole mass filter was used to select the reagent ions prior to 
injection in the reaction section. A detailed study of the reactions between the selected ion and 
the analytes was, therefore, possible (Adams & Smith, 1976; Smith & Adams, 1987). More 
recently, this technique has been used for trace gas detection, selecting NO+, O2
+ and H3O
+ as 
the reagent ions (Spanel & Smith, 1997; Španěl & Smith, 1998). 
Before developing the modern PTR-MS technology, W. Lindinger et al. performed some 
experiments using a Selected Ion Flow Drift Tube-Mass Spectrometry (SIFDT-MS) instrument 
(Blake et al., 2009; Lagg, Taucher, Hansel, & Lindinger, 1994). In their work, an electric field 
was used together with the carrier gas flow, to increase the kinetic energy of the ion-molecule 
reaction and, consequently, the average collision velocity and the reaction probability of the 
ions with the buffer gas.  
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In 1995, the same group developed the modern PTR-MS technology at the University of 
Innsbruck, in Austria (Hansel et al., 1995; W. Lindinger et al., 1998). The major differences to 
SIFDT-MS were:  
1. The replacement of the ion source with a hollow-cathode ion source, able to generate 
H3O
+ primary ions at a very high purity level (> 99.5 %), thus making the use of a 
mass filter obsolete;  
2. The use of a shorter drift tube, where sample air was used as the carrier gas. The 
components of air (e.g. oxygen, nitrogen) do not react with the reagent ion because of 
a lower proton affinity than water (PA= 691 kJ mol-1 or 165 kcal mol-1 (W. Lindinger 
et al., 1998)).   
The resulting overall instrument is characterized by a much higher sensitivity (Blake et al., 
2009). 
 
2.2.2.3 Configuration of the PTR-MS instrument 
 The apparatus required to perform Proton-Transfer-Reaction Mass Spectrometry (PTR-
MS) (illustrated schematically in Figures 4 and 5) includes the following (Ellis & Mayhew, 
2013): 
1. An ion source. 
2. A drift tube. 
3. A mass spectrometer. 
4. An ion detector. 
5. An instrumental control system. 
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2.2.2.3.1 The Ion Source: Since H3O
+ is normally used as the proton transfer reagent in PTR-
MS, a source which generates this ion in high yield with little contamination from other ions 
is essential.  The ion source of a typical PTR-MS system consists of a hollow cathode 
discharge source. This can be divided in three main regions, i.e. cathode, cathode fall and 
negative glow. High energy electrons undergo ionizing collisions with the neutrals in the 
source (e.g. water vapor, N2 or O2). This process takes place while electrons emitted from the 
Figure 5. Schematic representation of a PTR-MS instrument, where in this case the mass 
spectrometer is a quadrupole device. HC signiﬁes a hollow cathode discharge ion source 
and SD is known as the source drift region. (Ellis & Mayhew, 2013) 
 
Figure 4. Simplified representation of the main constituents of a PTR-MS 
instrument.(Ellis & Mayhew, 2013) 
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cathode through a mechanism of field emission move to the negative glow region, which is 
axial to the cylindrical cathode, between two anodes and close to anode potential. In case of 
water vapor, for example, several positive ions (e.g. OH+, H+. H2
+, H2O
+) are produced and, 
subsequently, are attracted to the cathode (Hansel et al., 1995). Secondary electrons are 
emitted when the produced positive ions hit the cathode’s surface with a kinetic energy 
greater than its work function (i.e. the minimum energy required to remove an electron from 
a solid to a point in the vacuum immediately outside the solid surface). However, in the source 
drift region, most of the positive ions undergo secondary reactions with water producing 
H3O
+ (Reactions 1-12). In addition, the secondary electrons traverse the cathode fall ionizing 
again neutral molecules. The result of all of these processes is the production of a plasma that 
is a highly ionized gas, with a relatively high density, in which the number of free electrons 
and cations is equivalent (House, 2009). In order to ignite the plasma discharge, a certain 
potential (approx. 500 V) applied to the two electrodes is needed. When operating in H3O
+ 
mode, water vapor is fed to the ion source with a flow between 5 and 8 sccm (standard cubic 
centimeters per minute) and undergoes the following reactions (reactions 1-12) (Hansel et al., 
1995; House, 2009): 
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2.2.2.3.2 The Drift Tube: this second part has two purposes (Ellis & Mayhew, 2013):  
a. It provides a reaction zone of ﬁxed length, which is important for quantitative 
analysis;  
b. The electric ﬁeld, E, along the drift tube raises the kinetic energies of the ions 
relative to the neutral gas molecules. The resulting drift velocity of the positive 
ions, which is dependent on the ratio of E to the gas number density, N, in the 
drift tube, helps to prevent the formation of cluster ions such as H3O
+(H2O) and 
MH+(H2O) through moderately energetic collisional dissociation with neutral 
molecules, where M represents an analyte molecule.  
  When reacting with H3O
+, analyte molecules undergo proton transfer reaction 
only if their proton affinity is greater than that of water (691 KJ mol-1) (Jordan, 
Haidacher, Hanel, Hartungen, Herbig, et al., 2009) (Appendix 1 provides an 
extensive list of studied VOCs along with their proton affinity, mass and protonated 
mass). The interaction taking place in the drift tube when using H3O
+ as the reagent 
ion may result in proton transfer reactions of two types: non-dissociative (Reaction 
13) or dissociative (Reaction 14): 
  
Non dissociative:   𝐻3𝑂+ + 𝐴 → 𝐴𝐻+ + 𝐻2𝑂  (Reaction 13) 
Dissociative:   𝐻3𝑂+ + 𝐴 → (𝐴𝐻+) ∗ + 𝐻2𝑂 
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     (𝐴𝐻+) ∗ → 𝐹+ + 𝑁   (Reaction 14) 
 
where AH+ is the protonated parent molecule, F+ a fragment ion and N a neutral 
fragment (Ellis & Mayhew, 2013).  
  As already mentioned, if the PA of the molecule is greater than that of water, 
this reaction is energetically permitted. When the proton affinities of the reactants 
are close to each other, like in the case of formaldehyde for instance (Wisthaler et 
al., 2008), a considerable amount of protonated molecules might undergo the 
backward reaction, especially if the humidity in the drift tube is high. The formation 
of water clusters when operating at low E/N values represents an additional issue, 
because they may also react with the analyte molecules via proton transfer or ligand 
switching reactions (Reactions 15-16). The proton affinity of these ions is, however, 
higher than that of water (e.g. PA (H2O)2 = 833.6 kJ mol
-1) (Kawai, Yamaguchi, 
Okada, & TAKEUCHI, 2004) 
 
𝐻3𝑂+∙H2O + 𝐴 → 𝐴𝐻+ + 2H2O  (Reaction 15) 
𝐻3𝑂+∙H2O + 𝐴 → 𝐴𝐻+∙𝐻2𝑂 + 𝐻2𝑂 (Reaction 16)  
 
These kinds of reactions are more common for polar molecules containing a dipole 
moment, like acetaldehyde (Blake et al., 2009). The AH+.H2O species may undergo 
further dissociation steps, depending on the stability of the formed cluster. 
  On the other hand, in case of O2
+, or NO+ as the reagent ions, other reactions 
may take place, i.e. charge transfer or hydride ion abstraction (Cappellin et al., 
2014). These reactions are discussed in detail in section 2.2.2.6.2.  
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2.2.2.3.3 The Mass Spectrometer: this third part provides a means for separating ions 
according to their mass/charge ratio, m/z. Quadrupole (Quad) and time-of-ﬂight (ToF) mass 
spectrometers have been employed in PTR-MS instruments.  
 
Quad-MS: The Quad mass ﬁlter was the type of mass analyzer used in the earliest PTR-MS 
instruments and it is still the most popular choice at the time of writing. The popularity of 
the Quad-MS stems from its relatively compact size and reasonable price. A Quad-MS 
system contains four parallel metal rods positioned equidistant from the center, inside a 
vacuum chamber (Figure 6). A voltage in the Z-direction is used to accelerate ions into the 
system. Ions passing through the quadrupole are separated using an electric field, generated 
using a combination of direct current voltage U and high-frequency alternating current 
voltage Vcosωt (where ω is the frequency and t is the time). Opposite rods have an applied 
voltage of the same polarity. The result of this combination is the oscillation of the ions in 
the X and Y directions, while only ions of a specific m/z ratio are in resonance with this 
oscillation and thus, are able to pass through the quadrupole and reach the detector 
("SHIMADZU CORPORATION,").  
 
 
Figure 6. Cross-sectional view of a quadrupole ion trap. An appropriate voltage is 
applied to the incoming end-cap electrode to allow ions to enter. The outgoing end-
cap electrode is then switched to a potential to slow this batch of ions down so that 
they can be kept inside the trap. A radiofrequency voltage is applied to the ring 
electrode to trap and then select/eject ions of the desired m/z. (Ellis & Mayhew, 2013) 
Vcosωt 
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ToF-MS: The simplest version of a TOF-MS (Figure 7) consists of a relatively short 
ion acceleration region and a much longer part known as the ﬂight tube. Ions may be 
generated within the ion acceleration region (e.g. by electron impact or by 
photoionization) but in the case of PTR-MS the ions are generated externally by 
Chemical Ionization in a drift tube, which is coupled to the TOF-MS. These ions enter 
into the acceleration region along a direction perpendicular to the long axis of the ﬂight 
tube, as shown in Figure 7, which will be referred to as the x direction: such an 
arrangement is known as orthogonal acceleration TOF-MS. The acceleration region is 
formed by two electrodes, known as the repeller and extractor electrodes. The extractor 
electrode is a high transmission grid to allow the majority of incident ions to pass 
through into the ﬂight tube. The ﬂight tube has no electrical ﬁeld and therefore the 
velocity delivered to the ions in the acceleration region is maintained once they enter 
the ﬂight tube. Initially, the repeller and extractor electrodes are kept at the same 
electrical potential in order to prevent deﬂection of the incoming ions. To obtain a mass 
spectrum, this voltage state is then altered rapidly such that the voltage on the repeller 
is higher than on the extractor. This potential gradient is used to send a pulse of ions 
into the ﬂight tube and if a detector with sufﬁcient sensitivity and sufﬁcient speed of 
response is located near the end of the ﬂight tube the arrival times of ions in the extracted 
packet can be determined. Heavier ions will take longer to reach the detector than lighter 
ions, and so measurement of the time-of-ﬂight provides the basis for recording a mass 
spectrum (Ellis & Mayhew, 2013).  
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To be effective, collisions with background gases need to be avoided and so a good 
vacuum in the ﬂight tube, and preferably <10−5 mbar, is essential (Inomata, Tanimoto, 
Aoki, Hirokawa, & Sadanaga, 2006).  
  
2.2.2.3.4 The Ion Detector: A sensitive ion detector and associated data acquisition 
electronics is critical to achieve the requisite overall detection sensitivity in PTR-MS. 
Secondary Electron Multiplier (SEM): The SEM belongs to the group of discrete dynode 
electron multipliers, characterized by the emission of secondary electrons after impact of 
energetic particles on a metal or semiconductor’s surface (Gross, 2011). 
Arc-shaped dynodes are coated with a layer of, e.g. Be-Cu or Ag-Mg, with a low work 
function. An ion or an electron generates multiple secondary electrons upon striking this 
layer, depending on its kinetic energy. If successive stages are connected in series, an 
avalanche of electrons is produced from a single ion. A positive voltage of approximately 
100 V is applied between each couple of dynodes to accelerate the electrons. The most 
common setup includes the supply of a high voltage (usually about 3000 V) to the whole 
SEM, with the individual dynodes being connected to the taps of this voltage. The positive 
high-voltage pole is grounded to keep the escaping electrons at approximately ground 
potential (Figure 8). These types of arrangements produce current amplification factors of 
Figure 7. Simplest possible arrangement for a time-of-ﬂight mass spectrometer. 
The broken lines indicate ﬁne mesh electrodes, which allow good ion transmission 
while also giving well deﬁned electrical potentials (Ellis & Mayhew, 2013) 
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about 107 ("Vacuum Technology & Vacuum Pumps from the leading manufacturer Pfeiffer 
Vacuum,"). 
The gain of the SEM is mass dependent and it usually decreases as the mass increases. 
The emission on the first dynode is, indeed, velocity dependent and the latter decreases with 
the mass of the ions. The SEM has a high sensitivity, a good signal-to-noise (S/N) ratio and 
the average life time ranges between months and years, depending on the vacuum and the 
number of ions reaching the detector (Gross, 2011). 
 
Micro Channel Plate (MCP): The MCP contains a series of tiny channels (3 to 20 μm 
diameter). Every channel is a continuous-dynode electron multiplier, covered with 
semiconducting material, where electrons are multiplied under the presence of a strong 
electric field (Figure 9). The channels are usually inclined to guarantee the impact of the 
ion on the surface (Wiza, 1979). After the cascade, the MCP needs a recovery (or recharge) 
time before being able of detecting another ion (Guilhaus, 1995).   
 
Figure 8. Schematic diagram of an electron multiplier (Ellis & Mayhew, 2013) 
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A single MCP detector provides a gain of 103, which is much lower than the value 
obtained when using a SEM detector. In addition, an unwanted signal, called “dark current” 
originates either from (i) electric field emission from the channel walls; (ii) Ionization of 
residual gases; (iii) local discharge by a high electric field and; (iv) photoelectron emission 
by photons produced by electric field scintillation of the MCP support parts. Both optimized 
fabrication conditions and an improved assembling structure are used to eliminate sources 
of dark current caused by local discharge (Hamamatsu). In addition, two MCPs are usually 
put together in a geometry which is called “Chevron plate”, to catch those ions having an 
incident trajectory parallel to the surfaces of the channels (Wiza, 1979). Using this geometry 
also results in a gain of 107-108 as amplification factor. 
 
2.2.2.3.5 The Instrumental Control System: A computer is used to collect and display data 
and for overall control of the instrument. The software used to perform measurements 
throughout this work was TofDaqRecorder (Tofwerk, Switzerland). This software allows 
data to be saved as hd5 files (large amount of data recordable). In addition, the TOF and 
detector system may be controlled using the TPS controller (Tofwerk, Switzerland). 
 
 
Figure 9. Cutaway views of the MCP detector (left hand side) and a single channel (right hand side) 
(Wiza, 1979) 
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2.2.2.4 Sample Spectrum Obtained by PTR-ToF-MS 
Figure 10 shows a typical spectrum which can be obtained using PTR-ToF-MS, in less 
than one second (depending on the acquisition rate), the highest peak reflects the primary ion 
(H3O
+ at m/z = 21.0221) in this case. The ToF analyzer allows the separation of compounds 
having the same nominal mass, this is exemplified at the top right side of the figure.  
 
2.2.2.5 PTR-ToF-MS 8000 Apparatus from Ionicon Analytik 
Figure 10. Average mass spectra of a dough sample. The top right insets shows the detail for 
nominal mass m/z 87. Spectra were obtained by averaging over 150-750s of measurement. 
(Makhoul, Romano, Cappellin, Spano, Capozzi, Benozzi, Märk, Aprea, Gasperi, & El‐Nakat, 2014) 
Figure 11. PTR-ToF-MS 8000 Apparatus from Ionicon Analytik (to the left) and a schematic view 
of its components (to the right) ("Ionicon website,"). 
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In the series of experiments presented in this work, a PTR-ToF-MS 8000 apparatus from 
Ionicon Analytik GmbH (Innsbruck, Austria) was used in its standard V mode configuration 
(Figure 11). This is a trace gas analyzer, able to determine VOCs in real time (response time 
of 100 ms) with a high sensitivity and low limit of detection (pptv within 1 min). Its high mass 
resolution is up to 8000 m/Δm. Technical specifications are provided in Table 1. 
 
 
 
 
 
Table 1. Technical specifications of the PTR-ToF-MS 8000 used in this study ("Ionicon website,") 
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2.2.2.6 Latest Achievements 
2.2.2.6.1 The Autosampler 
In order to operate the PTR-MS analyses in an automated fashion, thus increasing the 
number of samples analyzed under the same conditions, a GC autosampler (Gerstel, Mülheim 
am Main, Germany, see Figure 12) was specially mounted and adapted to the PTR apparatus, 
by the Composti Volatili group at the Fondazione Edmund Mach in 2013 (Makhoul, Romano, 
Cappellin, Spano, Capozzi, Benozzi, Märk, Aprea, Gasperi, & El‐Nakat, 2014).  
At the beginning of the experiment, the robotic arm would move the sample from a 
cooling tray to the incubation tray. Vials are then moved to the temperature-controlled purging 
site, connected to the PTR-ToF-MS inlet, and where the headspace analysis takes place with a 
pre-defined acquisition rate. After measurement, the vial is moved to the incubation tray and 
the cycle is repeated on the following sample. This allowed to monitor long bioprocesses 
namely the fermentation process, discussed in this thesis, while minimizing random human 
errors.  
 
 
Figure 12. The GC autosampler specially adapted to PTR-ToF-MS analyses 
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2.2.2.6.2 Switchable-Reagent-Ion Mass Spectrometry (SRI-MS) 
As we previously discussed, most PTR-MS instruments employed use an ion source 
consisting of a hollow cathode (HC) discharge in water vapor which provides an intense source 
of proton donor H3O
+ ions. However, some VOCs have proton affinities (PA) below that of 
H2O, hence they cannot be ionized and detected (Jordan, Haidacher, Hanel, Hartungen, Herbig, 
et al., 2009). In order to solve this issue, other reagent ions can be used, namely NO+ and O2
+, 
and the device is no more a PTR-MS but rather a Switchable Reagent-Ion Mass Spectrometer 
(SRI-MS) (Cappellin et al., 2014; Jordan, Haidacher, Hanel, Hartungen, Herbig, et al., 2009).  
NO+ and O2
+ are produced using pure O2, charcoal filtered air (or, alternatively, pure N2 and 
O2) (Sulzer et al., 2012). A high purity of the produced primary ions (> 98%) is guaranteed 
even in this case (Edtbauer et al., 2014). The main impurities are (i) H3O
+, NO+ and NO2
+ in 
the case of O2
+ as the reagent ion; (ii) H3O
+, O2
+ and NO2
+, in the case of NO+ as the reagent 
ion.  
When using O2
+ as the reagent ion, the dominant reaction which occurs in the drift tube 
is Electron Transfer Reaction (ETR). The reaction may be either non-dissociative (Reaction 
17) or dissociative (Reaction 18), with the latter usually predominating (high energies involved 
in the reaction) [45]. The ETR is energetically permitted when the ionization energy (IE) of the 
analyte molecules is lower than the recombination energy of O2 (12.07 eV) (Sulzer et al., 2012). 
Non dissociative:    𝑋+ + 𝐴 → 𝐴+ + X  (Reaction 17) 
Dissociative:      𝑋+ +A → (𝐴+)∗ + X 
     (𝐴+)∗ → F+ + N   (Reaction 18) 
 
Where X+ is the reagent ion, F+ is a fragment ion and N a neutral fragment. An example is the 
case of ethylene (C2H4). The PA of this molecule is 680.2 kJ.mol
-1 which is lower than that of 
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water, whilst the IE is 10.5 eV thus making it ionizable when using O2
+ as the reagent ion 
(Cappellin et al., 2014). This case is discussed in details in section 3.1. 
Different reaction pathways may take place when using NO+ as the reagent ion. The 
analyte molecules may undergo either ETR, hydride (H-) or hydroxyl (OH-) ion abstraction 
(Reaction19) or both of them. In addition, NO+ may form a cluster with the analyte (Reaction 
20), if a third partner (generally a buffer gas) stabilizes the formed cluster (Cappellin et al., 
2014).  
𝑁𝑂+ +𝐴 → [𝐴 − 𝑋]+ + XNO  (Reaction 19) 
NO+ +𝐴 + 𝐵 → 𝐴 ∙ 𝑁𝑂+ + 𝐵   (Reaction 20) 
 
As in the case of O2
+, ETR is energetically permitted if the IE of the analyte molecules is 
lower than the RE of NO+ (9.26 eV) (Sulzer et al., 2012). However, the energy involved in this 
process is lower than in case of O2
+, thus making this a soft ionization technique, able to provide 
mass spectra with a very low percentage of fragment ions (Agarwal, 2012; Ellis & Mayhew, 
2013; T. Karl et al., 2012; Sulzer et al., 2012).  
 
2.2.2.6.3 The FastGC Add-on 
The latest add-on introduced by Ionicon on PTR-MS, is fastGC (Figure 13). This add-on 
enriches the data with another dimension of chemical information, allowing to separate 
isomeric compounds, while maintaining fast spectral runs ("Ionicon website,"). In 2014, 
Romano et al. proved the success of this pre-treatment technique to analyze wine samples 
(Romano et al., 2014). The complete setup, consisted of a short (3.5 m) nonpolar pure dimethyl 
polysiloxane GC column, a custom-made valve block, a ﬂow controller, and a heating 
controller. The whole system is built into the PTR-ToF-MS and uses the same sample inlet. The 
column is resistively heated by applying a current, which allows for fast heating rates (>10 
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°C/s). The low thermal mass of the heating module also ensures fast cooling rates (from 200 °C 
to 50 °C in less than 20 s.). 
 
 
2.2.2.7 Data Analysis 
Upon combining all the characteristics of PTR Mass spectrometers along with the various 
upgrades and add-ons previously discussed, we obtain an instrument of higher mass range, 
faster measuring time (a complete mass spectrum in a split second) and higher mass resolution, 
which multiply the analytical information contained in the spectra (Cappellin et al., 2011). 
However, such advantages come at the expense of having to deal with larger and more complex 
spectra. Hence arises the necessity to develop new procedures to extract manageable datasets, 
which can be employed in preliminary data visualization and analysis or as inputs for data 
Figure 13. Schematic drawing of a PTR-ToF-MS inlet system with a FastGC setup, 
including the additional components valves 1–4, and the ﬂow controller (FC N2). The 
valves are depicted in their NO (normally open) state, as they are when FastGC is disabled. 
(Romano et al., 2014)  
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mining procedures (Cappellin et al., 2011). In their works, Cappellin et al. suggest up-to-date 
data mining methods; these start with the internal calibration of PTR-TOF-MS spectral data 
(Cappellin et al., 2010), followed by data pre-processing, such as denoising and baseline 
removal. A semi-automatic method for peak identification and peak area extraction was also 
developed by the same research group using using MATLAB (MathWorks, Natick, MA) 
(Matlab, 1999) in order to produce data matrices for preliminary data exploration or to feed 
data mining algorithms. Figure 14 summarizes the data analysis scheme suggested. 
The same approach will be carried out in our work and deep investigations via 
multivariate tests will be performed using in-house developed scripts written in R programming 
language (R Foundation for Statistical Computing, Vienna, Austria) (Team, 2014). These will 
be discussed in detail in each of the presented papers (see Chapter 3). But before moving to the 
applications, it is necessary to introduce the matrix and field of study where we suggest to apply 
this technique: food bioprocesses and specifically the bread-making process.  
  
Figure 14. Schematics of the data analysis methodology presented (Cappellin et al., 2011) 
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2.3 Food Bioprocesses1  
2.3.1 Food Fermentation 
Food fermentation is one of the first forms of food preservation (and processing) in human 
history (Hutkins, 2008). The bio-preservation/processing of perishable/edible raw materials 
through fermentations is also known as the ‘oldest biotechnology’ (Leroy & De Vuyst, 2004). 
Without knowing the existence of microscopic forms of life, our ancestors used the metabolic 
activities associated with ‘virtuous’ microorganisms development to transform, for example, 
milk into cheese and must into wine (Steinkraus, 2002).  
This historic, cultural, and transdisciplinary significance explains well the relevance of 
fermented foods in the important sector of traditional, typical, and artisanal foods and beverages 
(Capozzi, Russo, & Spano, 2012; Capozzi, Spano, & Fiocco, 2012). For instance, without 
considering wines, fermented products represent more than 80% of the EU Geographical 
Indications (GIs; “GI is a sign used on goods that have a specific geographical origin and 
possess qualities, reputation, or characteristics that are essentially attributable to that place of 
origin” (WIPO 2015)) (37% cheeses, 20% beer, 16% meat products, 4% fruit and vegetables, 
4% bakery products, biscuits, confectionery (Capozzi & Spano, 2011)). The result is a field of 
food market where most products, even when produced on an industrial scale (e.g., yoghurt 
production (Arena et al., 2015)) are a traditional production developed by millenary human 
cultures. Nowadays, we find this millenary tradition on the shelves of the food industry and 
declined in many geographical contexts by reason of the differences in raw materials, 
environmental conditions and in traditional knowledge, leading to surprising breadth of 
different fermented typical products. Considering microbial resources associated with these 
manufactures, traditionally, food fermentations rely on naturally selected microbial consortia; 
                                                          
1 Note that parts of this section have been accepted for publication, as a commentary chapter in the book entitled: 
Fermented Foods: Sources, Consumption and Health Benefits, by NOVA publishers, currently at press.  
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however, large scale production usually standardizes safety and quality of the final products by 
means of the ‘starter cultures’ regiment (R. P. Ross, Morgan, & Hill, 2002), where starter 
culture can be defined as “a microbial preparation of large numbers of cells of at least one 
microbial species to be added to a raw material to produce a fermented food by accelerating 
and steering its fermentation process” (Leroy & De Vuyst, 2004). 
 
2.3.2 The importance of microbial Volatile Organic Compounds (mVOCs) in food 
fermentation 
Encompassing the exploitation of micro-organisms and/or microbial enzymes which led 
to desirable biochemical changes and substantial variation to the food matrices, five are the 
main desired activities of microorganisms in fermented foods (Caplice & Fitzgerald, 1999; 
Capozzi, Russo, Dueñas, López, & Spano, 2012; Capozzi, Russo, Ladero, et al., 2012; Russo 
et al., 2014; Steinkraus, 2002):  
1. enhancing the human dietary by means of improved/new flavors, aromas and 
textures,  
2. increasing the shelf life and microbiological safety (lactic acid, alcoholic, acetic 
acid, alkaline fermentations and high salt fermentations),  
3. enriching foods in vitamins, protein, essential amino acids and essential fatty 
acids,  
4. reducing the toxicity of the substrate,  
5. decreasing cooking times and fuel requirements.  
Besides, fermentations might lead to more digestible foods and improve the functional 
content of final products (Arena et al., 2014; Caplice & Fitzgerald, 1999). The preservation and 
the improvement of aroma, flavor and texture connected with microbial resources are key 
drivers of consumers acceptance and choice (C Borresen, J Henderson, Kumar, L Weir, & P 
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Ryan, 2012). Microbial associated volatile organic compounds (mVOCs) provide the molecular 
basis of aroma/flavor perception. In fact, many microbial metabolites are VOCs since they fit 
the definition we provided in section 1.1.1, by being organic compounds characterized by low 
water solubility, and a vapor pressure of at least 0.01 kPa at 20°C (Pagans, Font, & Sánchez, 
2006). In pursuance thereof characteristics, this peculiar class of metabolites is usually able to 
diffuse across the membranes of microbial cells and be released into the food matrix.  
 
2.3.2.1 Previous studies on mVOCs 
In 1921, Zoller and Clark (1921) described for the first time the production of volatiles 
by bacteria (formic and butyric acid) (Zoller & Clark, 1921). Schulz and Dickschat (2007), 
studying the chemistry of a panel of bacterial strains grown on defined artificial media, 
demonstrated the high heterogeneity of contribution in terms of bacterial volatiles (75 fatty acid 
derivatives, 50 aromatic compounds, 74 nitrogen-containing compounds, 30 sulfur compounds, 
96 terpenoids, and 18 halogenated, selenium, tellurium, or other metalloid compounds) (Schulz 
& Dickschat, 2007), while Dickschat et al. (2005) and Kai et al. (2007) demonstrated the 
importance of species/strains contribution (Dickschat, Martens, Brinkhoff, Simon, & Schulz, 
2005; Kai, Effmert, Berg, & Piechulla, 2007) (e.g., Kai et al. (2007) reported up to 60 
compounds per strain). The correlations between flavor properties and mVOCs provide the 
basis for making qualified decisions in producing quality fermented foods, a subject of relevant 
economic and social importance. For example, it is noteworthy to consider that: 
1. only GIs agro-food market size is approximately $50 billion (Capozzi & Spano, 
2011) and, 
2. fermented foods and beverages represent a relevant part of human diet, accounting 
for approximately one-third of the global food intake (Campbell-Platt, 1994) (in 
fact, traditional fermented foods are diffused staple food for most of developing 
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countries and also the crucial healthy foodstuff for developed countries (Yang, Xu, 
Song, & Wang, 2010). 
 
2.3.2.2 Release of mVOCs in traditional fermented food and beverages: a multifaceted 
problem: 
Contrary to other areas of standardization and innovation of sensory quality in the food 
industry, the optimization of mVOCs in traditional fermented foods is a broad and 
heterogeneous sector by reason of the many geographical, compositional, microbiological and 
technological variables which have been reported in many recent review papers: traditional 
Indian fermented foods (Satish Kumar et al., 2013), fermented fruits and vegetables of Asia 
(Swain, Anandharaj, Ray, & Parveen Rani, 2014), African fermented foods (Franz et al., 2014), 
cereal based functional food of Indian subcontinent (Das, Raychaudhuri, & Chakraborty, 2012), 
traditional healthful fermented products of Japan (Murooka & Yamshita, 2008), traditional 
fermented plant foods and beverages in Eastern Europe (Sõukand et al., 2015), traditional 
fermented foods and beverages of Turkey (Kabak & Dobson, 2011), cereal fermentations in 
Africa and Asia (Nout, 2009).  
In each geographical region, fermented foods are produced from different raw materials 
(justifying important differences addressable to chemical composition): cereal products, dairy 
products, fish products, fruit and vegetable products, legumes, and meat products (Campbell-
Platt, 1987). In each of these categories, and for each geographical region, we might encounter 
hundreds of different productions. See, for instance, the quote attributed to Charles De Gaulle 
"How can you govern a country that makes five hundred different cheeses?" (Rudduck, Harris, 
& Wallace, 1994). Further differences are induced by fermentation activities: fermentations 
producing textured vegetable (e.g., Indonesian tempe and ontjom), high salt sauce and paste 
fermentations (e.g., Chinese soy sauce and Japanese miso), lactic acid fermentations (e.g., 
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Russian kefir and sauerkraut), alcoholic fermentations (e.g., Egyptian bouza and Ethiopian tej), 
acetic acid fermentations (e.g., wine vinegars in the West and coconut water vinegar in the 
Philippines), alkaline fermentations (e.g., Nigerian dawadawa and Indian kenima) (according 
to the classification reported by (Steinkraus, 2002), with minor modifications). For each kind 
of fermentation, the biochemical changes are associated to a complex microbiota, in which 
several species might have protechnological properties.  
Finally, it is worth to stress the intraspecific diversity (Bisson, 2012) and the related 
fundamental strain-dependent protechnological characters. Given the huge number of 
interconnected variables there is a clear need for innovative analytical approaches that can 
manage the complexity of this sector which is relevant for both the economy and the nutrition 
and, in particular, for analytical techniques suitable for on-line monitoring without destroying 
the analyzed sample (e.g., in dry-cured or dry-fermented food as Turkish sausages (Kaban, 
2013) or dough and bread as in our case (Makhoul et al., 2015; Makhoul, Romano, Cappellin, 
Spano, Capozzi, Benozzi, Märk, Aprea, Gasperi, & El‐Nakat, 2014)). 
 
2.3.2.3 The needs for suitable approaches for mVOCs monitoring 
The recent and fast growing development of Direct-Injection Mass Spectrometric (DIMS) 
technologies for VOCs analysis opens new opportunities for the rapid monitoring and 
quantification of VOCs. This class of techniques embraces different approaches including MS-
e-noses, APCI-MS, SESI-MS, SIFT-MS, and of course PTR-MS (Bean, Mellors, Zhu, & Hill, 
2015; Biasioli, Yeretzian, et al., 2011). This panel of instrumental analytical systems can 
nowadays combine considerable mass and time resolution with high sensitivity and robustness 
(Biasioli, Yeretzian, et al., 2011). 
As discussed in the previous section, each approach has peculiar strengths and 
weaknesses, as a function of: 
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i) the instrumental design,  
ii) Ionization conditions, 
iii) The analysis approach. (For reviews, refer to (Berchtold et al., 2014; Biasioli, 
Yeretzian, et al., 2011)). 
In general, the option of switching between different precursor ions, together with the 
enhanced design of time-of-flight-based instruments, allows the effective detection of most 
VOCs of interest by DIMS (Biasioli, Yeretzian, et al., 2011). Several recent uses of the DIMS 
technologies for the rapid monitoring and quantification of VOCs in fermented foods testify the 
wide range of application of the existing analytical methods (Table 2). 
 
 
Table 2. Exemplificative list of scientific studies applying Direct-Injection Mass Spectrometric (DIMS) 
technologies to monitor VOCs’ content in fermented food/beverage matrices 
 
Fermented foods 
and beverages 
matrices 
Fermentation 
monitored (Y/N) 
DIMS 
technologies 
References 
Cheese N APCI-MS (A. Taylor, Linforth, 
Harvey, & Blake, 2000) 
Cheese N MS-eNOSE (Pérès, Begnaud, & 
Berdagué, 2002) 
Cheese N PTR-MS (Boscaini, Van Ruth, 
Biasioli, Gasperi, & Märk, 
2003) 
Cheese  N PTR-MS (Bovolenta et al., 2008) 
Cheese N MS-eNOSE (Botre, Gharpure, 
Shaligram, & Sadistap, 
2009) 
Cheese N PTR-ToF-MS (Fabris et al., 2010) 
Cheese N PTR-ToF-MS (Galle et al., 2011) 
Cheese N SIFT-MS (Langford et al., 2012) 
Cheese N SIFT-MS (K. Taylor, Wick, Castada, 
Kent, & Harper, 2013) 
Cheese N SIFT-MS (Castada, Wick, Taylor, & 
Harper, 2014) 
Cheese N PTR-ToF-MS (Bergamaschi et al., 2015) 
Cheese N SESI-MS (Bean et al., 2015) 
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Dry Fermented 
Sausage 
N SIFT-MS (Olivares et al., 2011) 
Fermented Whey 
 
Y (LAF) 
 
PTR-MS 
 
(F. J. Gallardo-Escamilla, 
Kelly, & Delahunty, 2005) 
 
Fermented Whey 
 
N 
 
PTR-MS 
 
(F. Gallardo-Escamilla, 
Kelly, & Delahunty, 2007) 
 
Sourdough Y (LAF, AF) SIFT-MS (Van Kerrebroeck, 
Vercammen, Wuyts, & De 
Vuyst, 2015) 
Wine N MS-eNOSE (Vera, Mestres, Boqué, 
Busto, & Guasch, 2010) 
Wine N PTR-ToF-MS (Romano et al., 2014) 
Yogurt N PTR-MS (Mei, Reineccius, 
Knighton, & Grimsrud, 
2004) 
Yogurt N APCI-MS (Saint-Eve et al., 2006) 
Yogurt Y (LAF) PTR-ToF-MS (Soukoulis et al., 2010) 
Yogurt N PTR-ToF-MS (Soukoulis et al., 2010) 
Yogurt Y (LAF) PTR-ToF-MS (Tsevdou et al., 2013) 
Yogurt Y (LAF) PTR-ToF-MS (Benozzi et al., 2015) 
 
Direct-injection mass spectrometric (DIMS); Proton Transfer Reaction-Mass Spectrometry (PTR-ToF-MS); 
Selected Ion Flow Tube-Mass Spectrometry (SIFT-MS); Secondary Electrospray Ionization-Mass 
Spectrometry (SESI-MS), Atmospheric Pressure Chemical Ionization-Mass Spectrometry (APCI-MS); 
Lactic Acid Fermentation (LAF); Alcoholic fermentation (AF); Yes (Y); Not (N). 
 
 
2.3.3 The Bread-making Process: A bioprocess which was has never been studied 
by DIMS techniques before 
Bread is the most popular baked product made from Bread wheat (Triticum aestivum L.) 
which provides approximately 20% of calories consumed by humans (Pfeifer et al., 2014). 
Because of its nutritional quality and its sensory and textural properties (Patel, Waniska, & 
Seetharaman, 2005; Poinot et al., 2008), bread is consumed almost daily all over the world. 
This gives it an important socio-economic status in human nutrition, providing important 
amounts of nutrients, such as starch, dietary fiber, proteins, lipids, vitamins and minerals… 
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(Paraskevopoulou, Chrysanthou, & Koutidou, 2012). First, a dough is prepared from starting 
ingredients, it undergoes a so-called leavening or resting process, and finally it is baked at a 
certain high temperature in order to obtain the final product. These three steps (preparation, 
leavening and baking) are discussed briefly in the following subsections and thoroughly in the 
papers. 
 
2.3.3.1 The recipe  
The main ingredient in bread is flour obtained after the grinding and milling of soft or 
durum wheat (Hui, 2008). Historically, household recipes for bread fermentation were often 
based on natural microflora of hydrated flour (flour + water). Such a fermentation process is 
due to the presence of yeasts and of bacteria (especially lactic acid bacteria, LAB) on the surface 
of cereal berries. Leavening (yeasts and LAB), acidification (LAB), and flavor formation (LAB 
and yeasts) result in a fermented dough called sourdough (Figure 15), a model of which is 
presented in section 3.4 of this manuscript.  
 
 
 
 
 
 
 
 
 
 
Figure 15. Pictures of a sourdough model taken by a Scanning Electron Microscope 
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Nevertheless, in the industrial food production, the necessary amount of selected strains 
added to a raw material to accelerate and steer a fermentation process, also known as starter 
cultures, is usually used to ensure standardization, consistency, safety, and quality of the final 
product (Frédéric Leroy, 2004). Hence, commercial baker’s yeasts (Hui, 2008) started to be 
used, often in combination with bacterial starters; Commonly, baker’s yeast is made by strains 
belonging to Saccharomyces cerevisiae (Figure 16), the most common species in bread-making 
(Reale et al., 2013). It is responsible for the leavening of the dough, as well as for the formation 
of desired sensorial characteristics.  
Saccharomyces cerevisiae, also known as the “budding yeast”, is the common yeast used 
in baking ("baker's yeast") and brewing ("brewer's yeast"). This unicellular eukaryote, whose 
genome is entirely known, can be cultured easily and grows rapidly ("Budding Yeast,"). 
Through a process called alcoholic fermentation, these leavening agents produce gases mainly 
CO2, according to the reaction:  
 
C6H12O6  →  2C2H5OH  +  2CO2    (Reaction 21)  
Glucose       ethyl alcohol carbon dioxide  
        
Figure 16. Microscopic picture of Saccharomyces cerevisiae, 
retrieved online ("Budding Yeast,") 
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In addition to flour, water, sugar (glucose) and yeast, other ingredients may include salt (NaCl), 
animal fat and ascorbic acid (Capozzi et al., 2011), in order to provide a rich matrix for the 
leavening process. Figure 17 pictures the ingredients used in this project’s recipe, which 
consists of an adapted version of the AACC 10-10B procedure, approved by the American 
Association of Cereal Chemists (Capozzi et al., 2011). 
 
2.3.3.2 The leavening process 
Prior to baking, the dough has to undergo a leavening phase which is essential for the 
production and incorporation of gases in the baked product to increase the volume and produce 
the shape and the crumb texture (an example is provided in Figure 18). It is in this phase that 
(Reaction 21) takes place, and also in this phase, pleasant flavors and aroma precursors 
(aldehydes, ketones, and other volatile organic compounds) take shape, partly due to the 
biochemical activity of these agents (Salim ur, Paterson, & Piggott, 2006).  
1 
2 3 
4 
5 
6 
7 
Figure 17. The ingredients of the bread recipe used in this project. According to an adapted version 
of the AACC 10-10B procedure, these ingredients include flour (1), water (2), sugar (3), salt (4), 
animal fat (5), ascorbic acid (6), and yeast preparations (7) (Capozzi et al., 2011) 
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2.3.3.3 The baking process and Maillard reactions 
Upon baking, and around 170°C, an important biochemical process occurs. At this 
roasting stage, specific aromas are produced upon condensation reactions, called Maillard 
reactions (exemplified in Figure 19). These reactions take place between amino acids and 
sugars creating flavor, aroma and color of the bread crust (Cho & Peterson, 2010).  
 
Figure 18. An example of the leavening of four different types of Dough (D1-D4) prepared in 
one of our projects (Makhoul, Romano, Cappellin, Spano, Capozzi, Benozzi, Märk, Aprea, 
Gasperi, El-Nakat, et al., 2014). A clear difference is observed in D2 which shows a maximal 
expansion volume. 
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The effectiveness of this final step depends on the nature and amount of aromatic 
precursors (alcohols, esters, carbonyls, carboxylic acids and other VOCs (Gassenmeier & 
Schieberle, 1995)) formed during the leavening process (Martins et al., 2000). It is important to 
note that the yeast metabolism yields not only some of these precursors, but also other volatiles 
that will remain in the baked bread and contribute to the aromatic profile of the final product 
(Figure 20).     
Figure 19. A Maillard reaction scheme (Martins, Jongen, & van Boekel, 2000) 
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2.3.4 Our Approach  
In this project, we aim at demonstrating the applicability of our comprehensive 
methodology (automatic sampling, PTR-ToF-MS analysis and  tailored  data  handling  and  
analysis)  to  study  Saccharomyces  cerevisiae VOCs released  during  alcoholic fermentations 
involved in the bread-making  bioprocess (Vittorio Capozzi et al., 2015).  In particular, after 
successfully testing the methodological applicability of PTR-ToF-MS on a simple model (i.e. 
ethylene, in section 3.1) we will use this approach on a complex matrix (i.e. dough, bread and 
sourdough in sections 3.2, 3.3 and 3.4) in order to:  
1. Monitor on-line the leavening process, in an automated fashion, for the first time 
2. differentiate bakery yeast starter cultures in reason of their release of VOCs and 
3. analyze the effect on VOCs productivity as a function of:  
a. different bakery yeast starter cultures/flour combinations, 
b. the interaction between S. cerevisiae and Lactobacillus sanfranciscensis 
(an example of LAB) as model microorganisms in the sourdough 
environment.  
Figure 20. An example of bread "micro-loaves" obtained upon baking.  
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3. Results 
 
3.1 Ethylene: Absolute real-time high-sensitivity detection with PTR/SRI-
MS. The example of fruits, leaves and bacteria 
 Before testing the methodology we developed on the complex dough and bread matrix 
chosen in this PhD thesis, we had to understand and solve the limitations of the PTR-ToF-MS 
technique using a simple model molecule, the reason why we opted for the ethylene molecule 
as a starting point. In this project, the Switchable-Reagent-Ions upgrade (also known as 
Selective-Reagent Ionization) was tested, compared to other techniques and evaluated.   
 Ethylene (Figure 21) is the simplest alkene which has the molecular formula C2H4. It is 
a colorless flammable gas with a faint "sweet and musky" odor when pure. This hydrocarbon 
has four hydrogen atoms bound to a pair of carbon atoms that are connected by a double bond. 
The Ethylene is relatively rigid, but being a simple molecule, it is spectroscopically simple, 
hence it is used as a test for many theoretical and analytical methods (Booth & Campbell, 1929). 
 
In the following paper (Cappellin et al., 2014), ethylene is tested for the first time using 
this DIMS technique. We concluded that among the explored instrumental set-ups, the 
preferable one for ethylene detection with SRI-ToF-MS is O2
+ mode. We ﬁnally showed that 
SRI-MS is a powerful tool for ethylene investigations in biological samples.  
Figure 21. Chemical structure of Ethylene (Booth & Campbell, 1929) 
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3.2 Proton-Transfer-Reaction mass spectrometry for the study of the 
production of volatile compounds by bakery yeast starters 
After elucidating the advantages of the PTR-MS technique in terms of sensitivity and 
resolution, it was time to move to a more complex matrix. The acronym chosen for the study 
of bakery starters using Proton-Transfer-Reaction Mass Spectrometry was ‘ProBake’. As 
discussed earlier, the ProBake project will try to resolve many aspects which have never been 
done before, in an attempt at maximizing the PTR-MS potential to monitor such a complicated 
bioprocess. 
In this first paper (Makhoul, Romano, Cappellin, Spano, Capozzi, Benozzi, Märk, Aprea, 
Gasperi, & El‐Nakat, 2014), we tested the autosampler add-on specially adapted by our group 
to the PTR-ToF-MS 8000 apparatus used at the Fondazione Edmund Mach. This step aims at 
achieving the online monitoring of VOCs in an automated fashion throughout the leavening 
process and upon baking. Moreover, the dataset was subjected to a series of multivariate data 
analyses developed in-house, in order to create a fingerprint of the VOCs involved in this 
bioprocess. Finally, the overall productivity as well as the kinetics of VOC production were 
studied and compared, and the effect of various yeast starters was evaluated.  
The conditions of the PTR device as well all the materials and methods applied are 
discussed in the paper. It is important to comment on the huge dataset which results from such 
a study, with more than 400 peaks detected and quantified in ppbv (parts per billion by volume) 
via the formula described by Lindinger et al. (W. Lindinger et al., 1998), using the appropriate 
reaction rate coefficient or a constant value for the reaction rate coefficient (k = 2.10−9 cm3 s−1), 
when the underlying compound is not known. The latter introduces a systematic error of up to 
30 % that can be accounted for the actual rate if the coefficient is known (Cappellin, Soukoulis, 
et al., 2012). 
66 
 
  
67 
 
  
68 
 
  
69 
 
  
70 
 
  
71 
 
  
72 
 
  
73 
 
  
74 
 
  
75 
 
  
76 
 
3.3 Volatile Compound Production during the Bread-Making Process: Effect 
of Flour, Yeast and Their Interaction 
In the first ProBake paper, we showed that this technique allowed the automated online 
monitoring of VOCs as well as the tentative identification of major VOCs related to yeast 
metabolic activity or arising upon baking. More importantly, we were able to point out 
differences in terms of volatile production and evolution kinetics either with time, between 
yeasts, and even before and after baking. After this first step, we were interested in studying the 
effect of each ingredient as well as the possible ingredient/microbe interaction. Hence, in this 
second ProBake paper, further investigation was conducted on the main ingredient in the bread 
recipe: flour. It is commonly known among locals and bread-makers that flour has the most 
noticeable influence on the final aroma of the baked product (Annett, Spaner, & Wismer, 2007). 
PTR-ToF-MS was applied to test this hypothesis. 
In parallel, the contribution of yeast to the final properties was assessed as well. The 
comparison of both studies lead to the conclusion that yeast has a more pronounced effect. 
However, a cycle-by-cycle monitoring of the leavening process revealed a third dimension, 
proving a kind of synergistic and/or disruptive interaction between flour and yeast affecting the 
productivity of VOCs.  
As mentioned in the paper, “such findings shed a new light on the selection of ingredients 
for each bread recipe depending on the desired volatile profile of the baked product and on the 
potential of PTR-MS in analyzing protechnological microbes/matrix interaction during food 
fermentations” (Makhoul et al., 2015). 
Note that supplementary material, available only for the online version of this paper, are 
attached at the end of this thesis (Appendix 2). They include two extended tables, the loadings 
plot, the PC variance table, the variation of Principal Components plot, as well as the plot of 
the Cumulative Variation of Principle Components.   
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After underlining the importance of selecting the ingredients for each bread recipe 
depending on the desired volatile profile of the baked product, and after proving that PTR-ToF-
MS is able to analyze protechnological microbes/matrix interaction during food fermentations, 
we were interested in investigating microbe/microbe interaction in the same matrix. A third 
ProBake paper, currently being reviewed by the co-authors, explains our findings. 
 
3.4 Saccharomyces cerevisiae and Lactobacillus sanfranciscensis ‘volatomes’ 
and the study of VOCs associated with their interaction in sourdough 
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Abstract 
 The high-throughput analytical approaches able to provide a snapshot of the volatile 
organic compounds (VOCs) released in association of a given metabolism has been receiving 
increasing interesting in reason of the biological and applicative relevance. The ‘volatome’ 
perspective cast a new light on the advantages of direct injection mass spectrometry (DIMS) 
among the analytical approaches to study VOCs content associated with biological systems. 
Here, using PTR-ToF-MS, we study i) the VOCs associated with Saccharomyces cerevisiae 
and Lactobacillus sanfranciscensis growth in microbiological media , ii) the ‘volatomes’ 
associated with dough, and iii) the VOCs associate with S. cerevisiae and L. sanfranciscensis 
interaction in a sourdough model and in the corresponding bread.  To the best of our knowledge, 
we report for the first time the application of PTR-MS in order to study the evolution of 
‘volatome’ associated with microbial growth in laboratory media and, concurrently, in a food 
matrix. In addition, it is the first report on the impact of S. cerevisiae and L. sanfranciscensis 
interactions on the VOCs associated with the bread headspaces. 
 
Keywords: PTR-MS; VOCs; bread; yeast; bacteria; sourdough. 
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Introduction 
 Foods are a complex and dynamic environment in which an extended diversity of 
microorganisms (bacteria, yeasts and fungi) can coexist. One of the big efforts of modern food 
microbiology is to develop models able to consider possible interactions that take place among 
different microbes in these food ecosystems. The interactions among protechnological 
microbes, in particular, are of outstanding interest in reason of the impact on final food quality 
and safety (Ivey, Massel, & Phister, 2013). Although a rich literature described the microbial 
successions in various matrices/fermentations, a limited number of studies exploring the 
mechanisms of interaction of microbes participating in a given fermentation are known about 
how the microbes present interact. In general, ‘omics’ and untargeted approaches can provide 
a better insight into the complexity of industrial microorganisms’ interactions in food matrices. 
The principal industrial microorganisms in the food sectors are generally considered to be the 
yeast species Saccharomyces cerevisiae and the heterogeneous class of lactic acid bacteria (with 
Lactobacillus sanfranciscensis as the most representative prokaryote belonging to this 
heterogeneous class), microbes which have been selected over millennia in reason of their 
contribution to the quality of fermented foods, undergoing a complex series of genetic 
rearrangements typical of domestication processes in nutrient-rich food environments (Douglas 
& Klaenhammer, 2010). Mixed populations of S. cerevisiae yeasts and lactic acid bacteria are 
present in many fermented foods and beverages. With a yeast/LAB ratio of generally 1:100 (M. 
Gobbetti, 1998) and with a clear coexistence in the dough, sourdough represent an interesting 
model to study the interaction between yeasts and lactic acid bacteria. Sourdough fermentation, 
one of the oldest food biotechnologies, improving sensory, structural, nutritional and shelf life 
properties of leavened baked goods, has been receiving considerable attention for a long time, 
with increasing interest in the modern food industry. This influence on dough and on baked 
foods’ characteristics is achieved upon different levels of acidification, proteolysis and 
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activation of a number of enzymatic activities (Marco Gobbetti, Rizzello, Di Cagno, & De 
Angelis, 2014). In fact, enzymatic and microbial conversion of flour components during bread-
making deeply influence bread quality (Gänzle, 2014), with consistent strain- or species-
specific features (Gänzle, Vermeulen, & Vogel, 2007; M. Gobbetti, De Angelis, Corsetti, & Di 
Cagno, 2005). 
Among the other ‘omics’, the volatome, the volatile metabolome, is of outstanding interest also 
in the sourdough environment giving that: i) it analyzes an important subset of molecular basis 
of sensory properties of fermented foods (Pico, Bernal, & Gómez, 2015) and, at the same time, 
ii) it studies a crucial class of ‘infochemicals’ in microbial interaction during fermentations (M. 
Gobbetti, De Angelis, Di Cagno, Minervini, & Limitone, 2007); a class of chemicals generally 
described as organic volatiles with low molecular weight (<300 Da) and high vapor pressure at 
ambient temperatures (Romano, Capozzi, Spano, & Biasioli, 2015a). 
Proton transfer reaction mass spectrometry (PTR-MS) is an established method for the rapid, 
direct and non-invasive on-line monitoring of volatile organic compounds in food without the 
need of any sample pretreatment, basically based on the hydronium ion protonation of neutral 
compounds (M) according to the following reaction:  
H3O
+ + M → H2O + MH+ 
PTR-MS is characterized by short response times and high sensitivity with limits of detection 
in the parts per trillion by volume range (Soukoulis et al., 2010). The coupling of proton transfer 
ionization with Time-of-Flight (ToF) mass spectrometers offers several advantages related to 
high time and mass resolution. While a previous study defined a PTR-MS-based protocol only 
for simulating bread aroma during mastication (Onishi, Inoue, Araki, Iwabuchi, & Sagara, 
2012), only recently, PTR-ToF-MS found application to the monitoring this food bioprocess 
through the on-line monitoring of yeast in volatile production during the leavening process of 
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the dough and upon baking (Makhoul, Romano, Cappellin, Spano, Capozzi, Benozzi, Märk, 
Aprea, Gasperi, El-Nakat, et al., 2014).  
In this paper, we study i) the VOCs associated with Saccharomyces cerevisiae and 
Lactobacillus sanfranciscensis growth in Yeast Peptone Dextrose (YPD) medium and in de 
Man, Rogosa and Sharpe (MRS) medium, respectively, ii) the ‘volatomes’ associated with 
dough environment, and iii) the VOCs associate with S. cerevisiae and L. sanfranciscensis 
interaction in a sourdough model and in the corresponding bread. 
Materials and methods: 
Sample preparation 
Four different experimental types of dough samples were prepared from one strain of S. 
cerevisiae yeast and one strain of L. sanfranciscensis bacteria. The samples were prepared 
according to the procedure described in in the American Association of Cereal Chemists AACC 
10-10B was applied (Approved Methods of the AACC, 10th ed.; American Association of 
Cereal Chemists: St. Paul, MN, 2000), according to Capozzi et al. (Capozzi et al., 2011), with 
minor modifications in order to prepare a sourdough model. The basic dough control (D1) was 
obtained by mixing 100g of bread wheat flour (type ‘00’,Granoro, Italy), 1.5g of sodium 
chloride (Sigma Aldrich, St Louis, MO), 6g of sucrose (Sigma Aldrich), 3g of animal fat (Casa 
Modena, Modena, Italy), 4mg of ascorbic acid (Sigma Aldrich) and 60mL of distilled water.  
The preparation was carried out using a bread homemaker machine (Princess Household 
Appliances, Lainate, Italia). The control samples were supplemented with one of these three 
preparations, either yeast alone (D2), or bacteria alone (D3), or a mixture of both (D4). The 
yeast preparation was added in the amount of 106 CFU/g dough, 108 CFU/g dough for the 
bacteria, and 106 CFU/g dough to 108 CFU/g dough for the sourdough-like model, achieving a 
ratio of 1:100 of S. cerevisiae to L. sanfranciscensis. The dough was divided into 1.0 g pieces 
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(stored in 22 mL vials). During preparation, the dough was kept at 4 °C in order to reduce the 
fermentation process. Then the samples were transferred at 30 °C for the whole duration of the 
experiment (approximately 17 hours). Seven replicates of each dough sample were analyzed 
(along with 4 empty vials, resulting in a total of 32 vials) and the entire experiment was repeated 
twice.  
For baked bread analysis, the same experiment was repeated with D1, D2, D3 and D4 dough 
types. After 17 hours of leavening, the average time needed for traditional sourdough 
preparation, the vials were taken out. Caps were removed and vials were transferred to a kitchen 
oven and baked for 8 minutes at 220 °C. Around this temperature, Maillard reactions, 
condensation reactions, take place between amino acids and sugars creating flavor, aroma and 
color of the bread crust.  Thus it is considered an important biochemical process (Cho & 
Peterson, 2010). It is important to note that prior to the analysis, we accurately cleaned the oven 
and turned it on for one hour with ventilation to be sure to avoid residual VOCs from other 
preparations. To confirm the absence of residual VOCs, an empty vial was introduced in the 
oven during baking and later used as a blank control. 
 
Microbial counts 
For microbiological analyses, 10 g of each sample was homogenized in a stomacher bag with10 
mL of a saline peptone water for 4 min, after which serial dilutions were prepared. For the count 
of LAB, MRS agar containing 100 mg/L cycloheximide was used, and the plates were incubated 
under anaerobic conditions (BBL, GasPack-System) at 30 °C for 72 h. For the count of yeasts, 
YPD agar containing 10 mg/L chloramphenicol was used, and the plates were incubated at 30 
°C for 48 h. 
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PTR-TOF-MS analysis: 
In order to measure the headspace of the dough and bread samples, a commercial PTR-TOF-
MS 8000 apparatus from Ionicon Analytik GmbH (Innsbruck, Austria), was used in its standard 
configuration (V mode). The ionization conditions in the drift tube were the following: 110°C 
drift tube temperature, 2.30 mbar drift pressure, 550 V drift voltage. This led to an E/N ratio of 
about 140 Townsend (1 Td = 10-17 cm2 V-1 s-1). The inlet line consisted of a PEEK capillary 
tube (internal diameter 0.40 mm) heated at 110°C. The inlet flow was set at 120 sccm and 40 
sccm for dough and bread measurements, respectively.  
The automation used for the leavening experiments was the same as the one described in 
previous works by Makhoul et al. (Makhoul, Romano, Cappellin, Spano, Capozzi, Benozzi, 
Märk, Aprea, Gasperi, El-Nakat, et al., 2014) using an autosampler (Gerstel, Mulheim am Main, 
Germany) especially adapted to PTR-MS analyses. At the beginning of the experiment, the 
robotic arm moved the sample from a cooling tray where it was kept at 4°C, to the incubation 
tray, whose temperature was set at 30°C. Vials were then moved to the temperature-controlled 
purging site, connected to the PTR-ToF-MS inlet, and where the headspace analysis took place 
for 30 seconds with an acquisition rate of one spectrum per second. After measurement, the vial 
was moved to the incubation tray and the cycle was repeated on the following sample. This 
allowed to perform a scan of the tray (32 samples) in approximately one hour (1 cycle = 54 
min). During leavening, the scan was repeated 19 times, in order to monitor the fermentation 
process. Due to the presence of relevant amounts of ethanol (an average of 20 ppmv of ethanol) 
in the headspace of the samples during leavening, an inert gas dilution was applied in an inert 
gas to sample ratio of 2:1. This permitted to prevent primary ion depletion and formation of 
ethanol clusters which might affect the final quantification of volatiles (Aprea, Biasioli, Märk, 
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& Gasperi, 2007). In fact, at all times, the ionisation should be carried out by the H3O
+ primary 
ions. If at any point, the levels of ethanol or ethanol clusters exceed that of H3O
+, the latter will 
not remain the primary ionizing ion which will lead to errors in data analysis afterwards.  
 
The headspace of micro-loaves obtained after baking was measured as before. Prior to analysis, 
samples were flushed with a stream of clean air (200 mL/min for 30 seconds), as generated by 
a Gas Calibration Unit apparatus (Ionicon Analytik GmbH), then incubated at 30 °C for 30 
minutes and finally analyzed for 30 seconds at one spectrum per second. No dilution of the 
headspace was required in this case. 
 
Data analysis 
Dead time correction, internal calibration of mass spectral data and peak extraction were 
performed according to a procedure described in the works of Cappellin et al. (Cappellin et al., 
2010; Cappellin et al., 2011), using a modified Gaussian peak shape. Peak intensity in ppbv 
was estimated using the formula described in literature (W. Lindinger et al., 1998), using a 
constant value for the reaction rate constant coefficient (k = 2.10−9 cm3 s−1). This introduces a 
systematic error for the absolute concentration for each compound that is in most cases below 
30% and could be accounted for if the actual rate constant coefficient is available(Cappellin, 
Karl, et al., 2012).  
All data detected and recorded by the PTR-TOF-MS were processed and analyzed using 
MATLAB (MathWorks, Natick, MA) and in-house developed scripts written in R 
programming language (R Foundation for Statistical Computing, Vienna, Austria).  
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Results  
Saccharomyces cerevisiae and Lactobacillus sanfranciscensis ‘volatomes’ 
The volatome of Saccharomyces cerevisiae and Lactobacillus sanfranciscensis were realized 
upon the on-line monitoring of the cultured microorganisms, over many days. More than 300 
mass peaks were obtained. Tables 3 and 4 summarize VOCs detected at the main log1, log2, 
lag1, lag2 and stat cycles, after applying a 1ppbv threshold, keeping only the peaks pertaining 
to the yeast/bacteria and not the medium, and eliminating isotopologues.   
Table 3. Simplified Saccharomyces cerevisiae volatome 
 
Mass peak lag 1 lag 2 log 1 log 2 stat Tent. Ident. 
41.039 14 ± 5 13 ± 6 30 ± 27 104 ± 104 126 ± 127 Alkylic fragment 
42.010          18 ± 19 20 ± 20 non identified 
43.018 47 ± 23 111 ± 90 142 ± 120 175 ± 123 231 ± 145  
43.055 2 ± 1 2 ± 1 12 ± 12 46 ± 48 59 ± 61 Alkylic fragment 
44.980    1.4 ± 0.5 1.3 ± 0.7 1.3 ± 0.8 1.1 ± 0.6  
44.998    1.2 ± 0.3 5 ± 5 6 ± 7 1.6 ± 0.7  
47.047 3 ± 3 22 ± 22 487 ± 515 2056 ± 2314 2842 ± 3010 Ethanol 
49.028       1 ± 1 2 ± 2 2 ± 2  
49.053       1 ± 1 5 ± 6 7 ± 7  
57.070 10 ± 3 8 ± 2 17 ± 15 100 ± 103 127 ± 132  
61.028 6 ± 2 5 ± 2 6 ± 3 39 ± 38 54 ± 52 Acetic Acid 
65.059          3 ± 3 4 ± 5  
69.070 5 ± 2 5 ± 3 5 ± 4 4 ± 3 3 ± 2 fragment (pentanal) 
71.085       6 ± 6 28 ± 30 31 ± 32  
73.065 10 ± 4 12 ± 6 32 ± 32 37 ± 32 17 ± 10 n-butyraldehyde/methylpropanal 
75.080          3 ± 3 4 ± 5  
87.081 2.3 ± 0.8 2 ± 1 2.3 ± 1.8 2 ± 2 1.4 ± 0.9 isoveraldehyde/2-methylbutanal/pentanal 
89.059          6 ± 7 10 ± 10 2-Methyl propanoic acid/ethyl acetate 
93.087          3 ± 3 4 ± 4  
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Table 4. Simplified Lactobacillus sanfranciscensis volatome 
 
Mass peak lag 1 lag 2 log 1 log 2 Tent. Ident. 
42.010 1.0 ± 0.1 1.3 ± 0.1 10.1 ± 0.4 7.3 ± 2.5 non identified 
43.055 1.7   0.1 1.3 ± 0.1 3.5 ± 0.6 3.7 ± 0.7 Alkylic fragment 
44.980             1.0 ± 0.1         
44.998       2.9 ± 0.1 6.1 ± 0.3 1.9 ± 0.4   
45.034 56.9 ± 2.3 81.5 ± 2.5 668.0 ± 44.5 273.9 ± 128.6   
46.995             1.1 ± 0.1         
47.047 22.8 ± 1 42.2 ± 1.5 445.1 ± 34.8 294.8 ± 67.3 Ethanol 
49.011             1.8 ± 0.1         
49.028             0.9 ± 0.1         
49.053             1.0 ± 0.1         
 
Note that the lag, logarithmic and stationary phases correspond to the main phases of the 
microbial grotta curve. 
 
Automated monitoring of the leavening process  
After setting up both the PTR-ToF-MS and the autosampler, the leavening process was 
launched, allowing the samples to be incubated at 30 °C for thirty minutes, and then their 
headspace was analyzed every 54 minutes. This generated up to twenty time points during the 
course of a typical leavening experiment. The whole dataset consisted of seven replicates for 
each experimental mode, obtained by aggregating two distinct biological replicates.  
Volatile profile of the samples during the leavening process 
More than 400 peaks were detected during each cycle of this leavening process, and upon 
baking. A 1 ppbv concentration threshold filter was applied on the results in order to exclude 
the peaks which have no or poor contribution to the experimental modes. Further analysis and 
filtering, including the elimination of peaks belonging to isotopes, reduced more the number of 
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peaks in the database, to reach an average of 30 peaks per cycle for the leavening and 58 
remaining peaks for the baked results. 
Figure 22 illustrates the evolution of some chosen peaks throughout the leavening process. 
Three timepoints were chosen as examples of the early stage of the experiment (cycle 5 
corresponding to four hours after the launching of the leavening process), the middle stage 
(cycle 15 corresponding to thirteen hours) and the last stage of leavening (cycle 19 
corresponding to seventeen hours). Different interactions can be observed throughout the course 
of the experiment. For example the sourdough model showed an amplified production of peak 
m/z 41.039 (identified as an alkylic fragment) in cycle 5, while later (in cycles 15 and 19) the 
activity of the yeast is suppressed by the presence of the bacteria and the production of this peak 
in Dough 4 (sourdough model) is much less than in Dough 2 (Yeast alone), but still higher than 
that in Dough 3 (inoculated only with bacteria). The same applies for m/z 45.033 identified as 
acetaldehyde. For this peak, the sourdough model (D4) has the highest productivity at the 
beginning of the leavening process, then D2 overtakes D3 and D4 which have similar 
productivity. In the case of m/z 43.018, an ester fragment, the sourdough model (D4) had the 
highest productivity followed by D3, then D2, with D2 having almost the same productivity as 
that of D1 which is the basic dough without any inoculations. Another example is m/z 59.050 
identified as acetone, D3 produced the most during the first two chosen timepoints, while D2 
overtakes at the end of the leavening process, and a limited productivity is observed in the 
sourdough-model (D4). Finally, the maximum productivity of m/z 61.028, identified as acetic 
acid, was observed in D4 at all times, followed by D3 then D2 similar to D1 with no 
inoculations. 
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(a) (b) (c) 
m/z 41.039 
(alkylic 
fragment) 
m/z 43.018 
(ester 
fragment) 
m/z 45.033 
(acet-
aldehyde) 
m/z 59.050 
(acetone) 
m/z 61.028 
(acetic acid) 
Figure 22. Selected volatiles emitted from the different dough samples at the first stage (a), middle stage (b), 
and at the end (c) of the experiment. Boxplots represent medians, upper and lower quartile, maximum and 
minimum for the selected masses 
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Volatile profile of the baked samples  
After baking, the headspace analysis of the obtained micro-loaves revealed the productivity of 
58 mass peaks kept after applying the 1 ppbv threshold. Appendix 3 depicts the significantly 
different results, expressed in terms of productivity in ppbv per hour. One-way ANOVA (p < 
0.05/58 = 0.0009 with Bonferroni correction) shows differences between experimental modes 
for 39 relevant peaks. In 20 out of these 39 peaks, B2 (the bread inoculated with yeast) showed 
the highest productivity followed by B4 (the sourdough model), while the latter (B4) showed 
the highest productivity for 6 peaks. B2 and B4 showed similar productivity for 10 peaks, B4 
and B3 (the bread inoculated with bacteria) for 1 peak, and B1 (the bread control without any 
inoculations) and B4 showed similar productivity for 1 peak. Finally, for 1 peak B2, B3 and B4 
showed a higher productivity than B1. We did not observe any difference in yeast count 
between the two preparations (data not shown). The observations in VOCs changes reported 
for the dough have a particular relevance if we consider that the production of dehydrated 
dough/sourdoughs is a business having worldwide diffusion, as these are generally added as 
ingredient to several bakery productions (Kulp & Lorenz, 2003). 
 
In-depth analysis of volatile profile of the sourdough model 
Differences between the different types of dough prepared, throughout the entire process, were 
observed by means of Principal Component Analysis (PCA), with each point representing a 
distinct sampling point (Figure 23). It was clear that all three preparations were able to perform 
fermentation (as observed by the evident increase in dough volume) and displayed a clear 
evolution of the VOCs profiles. The score plots for the first and third principal components, 
which comprised 85.0% of the overall variability, had different starting and ending points and 
the shading consistently varied over time. The results were repeatable also between the two 
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distinct biological replicates and an overall time evolution, which sums up the various kinetics, 
was visible having similar overall trends.  
We can notice differences between the dough inoculated with the yeast preparation (D2) on one 
hand and the dough inoculated with the microbial preparation (D3) and the sourdough model 
(D4) on the other hand. Minor differences can be noticed between D3 and D4, however further 
investigation is needed to study the effect of adding yeast and bacteria together. Furthermore, 
it is possible to observe for D1, after no VOCs production during the first hours of the leavening 
(darker points), a limited volatile release pattern is detected at later stages around the end of the 
experiment. It seems to be driven by the spontaneous fermentation of the virtuous microflora 
naturally present in the flour (M. Gobbetti, Corsetti, La Rosa, & De Vincenzi, 1994) in addition 
to the microorganisms present in the surrounding preparation area. However, it requires several 
days, with frequent backslopping, to reach a sufficient concentration to perform an efficient 
sourdough fermentation (Makhoul, Romano, Cappellin, Spano, Capozzi, Benozzi, Märk, 
Aprea, Gasperi, El-Nakat, et al., 2014), and this can be verified when D1 is compared to the 
remaining preparations.  
Figure 23. Volatile emission during leavening: Principal Component Analysis of the data. 
Score plots for the first and third principal components for the four types of prepared 
dough are depicted. 
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In-depth analysis of volatile profile of the baked sourdough model 
Upon baking, the score plots for the first two principal components, which comprised 97.9% of 
the overall variability (Figure 24), shows a clear separation of the samples based on the type 
of inoculation added.  
 
Discussion and conclusion 
The high-throughput analytical approaches able to provide a snapshot of the volatile organic 
compounds (VOCs) released in association of a given metabolism has been receiving increasing 
interesting in reason of the biological and applicative relevance. As already mentioned, this sum 
of volatile organic metabolites is also indicated with the term ‘volatome’. Among the techniques 
for VOCs determination, the ‘volatome’ perspective cast a new light on the advantages of direct 
injection mass spectrometry (DIMS). In fact, while gas chromatography–mass spectrometry 
Figure 24. Volatile emission upon baking: Principal Component 
Analysis of the data. Score plots for the first two principal 
components for the four types of bread are depicted. 
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(GC-MS) remains a standard for targeted VOCs analysis, DIMS, allowing direct analysis of 
headspace associated with a specific matrix/organism with no prior separation, offers intriguing 
application due to the possibility of on-line monitoring without samples destruction. Among 
DIMS techniques, proton transfer reaction–mass spectrometry (PTR-MS) couples simplicity of 
analysis and the control of the ionization conditions. The food sector provides us several 
examples of ‘volatomic’ applications of considerable interest for both biological and applicative 
relevance. In particular, considering fermentations, i) the food matrices could be consider 
specific environments, ii) the yeasts, molds, and bacteria designated organisms, and iii) the 
volatiles, at the same time, part of microbial metabolic interaction and molecular basis of food 
flavour. Fermented foods as interesting products for sensory innovation, fermented foods as 
treasured models to simplify processes in less manageable biological systems (Wolfe & Dutton, 
2015).  
In this study, to the best of our knowledge, we report for the first time the application of PTR-
MS in order to study the evolution of ‘volatome’ associated with microbial growth in laboratory 
media and, concurrently, in a food matrix. In particular, we studied the ‘volatome’ associated 
with laboratory cultures of Saccharomyces cerevisiae and Lactobacillus sanfranciscensis, 
respectively grown in Yeast Peptone Dextrose (YPD) medium and in de Man, Rogosa and 
Sharpe (MRS) medium. Moreover, we described volatiles released by Saccharomyces 
cerevisiae and by Lactobacillus sanfranciscensis during their separate development in a dough 
for bread-making.  
These two microorganisms represent the most important domesticated eukaryotic and 
prokaryotic organisms in the sourdough environment.  S. cerevisiae has been used for thousands 
years by mankind to perform the alcoholic fermentation in food and beverages such as bread, 
beer, and wine, showing an evolutionary history associated with these fermentative processes  
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(Sicard & Legras, 2011). With its smaller genome in size (1.23 Mb) among available 
Lactobacillus genome sequences (Sun et al., 2015), L. sanfranciscensis represents a worthy 
example of specialized adaptation to dough environment (e.g. it preferentially catabolizes 
maltose, the principal sugar of the dough) (Suzzi, 2011). 
In our study, we confirmed that the production of VOCs depends on the nutritional 
environment.  In particular, while Heddergott et al (Heddergott, Calvo, & Latgé, 2014) 
demonstrated this  feature using Aspergillus  fumigatus as model organism and in vitro 
conditions (three defined media), we reported this evidence using yeast and bacterial model 
comparing in vitro (laboratory media) and in vivo (dough environment) conditions .  
With concern of the studied microbial interaction, in 2007, Guerzoni et al. used individual 
cultures and co-cultures of L. sanfranciscensis and S. cerevisiae as model of the metabolite-
mediated interactions lactobacilli and yeasts in model and real systems (Guerzoni, Vernocchi, 
Ndagijimana, Gianotti, & Lanciotti, 2007). These researchers employed GC as analytical 
techniques for their investigations, while we adopted a PTR-based approach. Consequently, we 
explored the volatiles arena using ‘analytical lens’ that privilege sensitivity and the monitoring 
in the time, implying a certain loss in identification power (Romano et al., 2015b). In addition, 
for the first time, we considered the repercussions of S. cerevisiae and L. sanfranciscensis 
interactions on the VOCs associated with the headspaces of corresponding loaves.  
Considering possible future perspectives, it appears interesting i) to increase the diversity of 
protechnological microbes studied in the sourdough environment and ii) to compare VOCs 
patterns associated with single-specie cultures with the VOCs profile linked to real sourdough 
fermentations in order to understand , as recently done to assess the S. cerevisiae contribute to 
kefir volatome (Hu, Gunathilake, Chen, & Urban, 2014).   
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3.5 Summary of the ProBake results, ongoing research and future prospects 
The findings recorded during the ProBake project, were summarized in the following 
paper (Vittorio  Capozzi et al., 2015) presented by our group during the International 
Conference on Food and Biosystems Engineering, which took place in May 2015, in Greece.  
This paper describes our investigations on the possible application of the comprehensive 
methodology we had elaborated (automatic sampling, PTR-ToF-MS analysis and tailored data 
handling and analysis) for the monitoring of fermentation in two foods, bread and yogurt, as 
models to respectively study the diversity of yeast (Saccharomyces cerevisiae) and bacterial 
(lactic acid bacteria) SCs. Note that yogurt is the topic of a parallel study conducted by our 
group in order to test the same methodology (Benozzi et al., 2015). The paper provided further 
insights on both projects and PTR-ToF-MS was once again proven to be a fast high-throughput 
tool for the study of food bioprocesses. In addition, this approach, allowed us to select a panel 
of VOCs as potential markers for the rapid screening of starter cultures in the food industry.  
Finally, our approach was deemed useful in the selection of volatiles associated with 
ﬂavors, off-ﬂavors, desired (undesired) technological properties which are relevant for the 
industrial food manufacturing process. More generally, microbial-associated VOCs represent a 
fascinating ﬁeld for the formulation of new hypotheses in fundamental biology and in the 
discovery of new and/or improved products and solutions for human exploitation.  
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4. Conclusion 
 
VOCs are organic compounds of interest in many fields of study, namely bioprocesses. 
Various detection techniques have been applied so far in order to detect, identify and quantify 
them. Each technique has many advantages as well as some limitations mainly in terms of 
resolution, sensitivity and time-consumption. PTR-MS, being a relatively newly-developed 
DIMS technique, is recommended in this thesis as an answer for these limitations.  
Numerous upgrades and add-ons were introduced to the PTR device in order to improve 
its performance, and data-mining as well as multivariate analysis tools were also established 
and tested first on a simple model molecule, ethylene, and later on a more complex matrix: the 
bread bioprocess (the ProBake project). The results of the ethylene study confirmed the high 
capacity of the SRI-MS technique in detecting this VOC, specifically using O2
+ as a primary 
reagent ion. 
As for the results of the ProBake project, we were able to conceive a tailored approach in 
order to maximize the potential of PTR-ToF-MS in studying the complicated bread-making 
bioprocess. The full automaton was achieved, the effect of each ingredient was studied. 
Moreover, ingredient/microbe as well as microbe/microbe interactions were elucidated. The 
main achievements realized in this thesis are summarized in the following abstract, presented 
during the 27th International Conference on Yeast Genetics and Molecular Biology, and 
published by Wiley Publishers in October 2015, and present a promising basis for future 
endeavors.  
Finally, it is important to highlight the following points regarding the importance of our 
approach and its future applications: 
i. Using starter culture applications in bread making as a model, we demonstrated 
the great analytical potential of PTR-ToF-MS coupled with an autosampler and tailored data 
analysis in food bioprocess monitoring. 
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ii. The impressive rapidity of the analysis and the consistent degree of automation 
are features of outstanding importance in a field with great number of variables (variety of 
matrices, heterogeneity of protechnological microbes, number of ingredients and additives, 
physical-chemical variables, different regimen of technologies, …) and in massive screening 
of microbial biotypes. 
iii. The wide number of possible applications dealing with VOCs monitoring (e.g. 
molecular basis of sensory properties, markers of technological phases, biomarker for 
spoilage microbes/pathogens detection, monitoring of shelf-life, biological investigations) 
testifies the relevance of our analytical approach.  
iv. Our methodology can be easily adapted to industrial applications and to consumer-
oriented innovations. 
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Appendix 1. List of VOCs studied by PTR-MS along with their formula, proton affinity, mass and 
protonated mass. 
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Appendix 3. ANOVA table of baked bread samples (section 3.4) 
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Appendix 4. International Conferences where our results were shared and discussed with the scientific 
community 
 
November 2015  7th RAFA International Conference (Czech Republic) 
International Symposium on the Recent Advances in Food Analysis, organized by 
the University of Chemistry and Technology in Prague and Rikilt Wageningen.  
Oral presentation: Proton-Transfer-Reaction Mass Spectrometry for the 
Study of the Production of Volatile Compounds and the Effect of Flour, 
Yeast and their Interaction During the Bread-making Process.  
 
October 2013  4th MS Food Day (Italy) 
Organized by D.A.Re. – Agrofood Technology Cluster, the Division of Mass 
Spectrometry of the Italian Chemical Society, Bonassisa Lab srl, the Institute of 
Sciences of Food Production of the NRC and the University of Foggia. 
Oral presentation: Rapid Non-Invasive Quality Control of Semi-Finished 
Products for the Food Industry by Direct Injection Mass Spectrometry 
Headspace Analysis: the Case of Milk Powder, Whey Powder, and Anhydrous 
Milk Fat 
Oral presentation: Characterization of the Volatile Compounds Constituting 
Mascarpone Cheese Aroma 
 
September 2015 YEAST 2015 Conference (Italy) 
     27th International Conference on Yeast Genetics and Molecular Biology 
Oral presentation: PTR-ToF-MS and bioprocesses: Potential in monitoring 
VOCs release by eukaryotic microbes 
 
 
June 2015   MASSA 2015 International Conference (Italy) 
     Organized by the Italian Society of Mass Spectrometry, fellowship awarded.  
Oral presentation: Advances in PTR-MS.  
Poster: Ethylene: Absolute real-time high-sensitivity detection with 
PTR/SRI-MS. 
 
  
May 2015   FABE 2015 International Conference (Greece) 
    International Conference on Food and Biosystems Engineering,  
Oral presentation: PTR-ToF-MS and food bioprocesses: potential in 
monitoring VOCs release by starter cultures during food fermentation 
 
 
October 2013  3rd MS Food Day (Italy) 
    Organized by the Fondazione Edmund Mach  
Poster: Ethylene: Absolute real-time high-sensitivity detection with 
PTR/SRI-MS.  
Poster: Proton-transfer-reaction mass spectrometry for the study of 
the production of volatile compounds by bakery yeast starters 
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